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a b s t r a c t 

The cardiac cycle induces blood volume pulsations in the cerebral microvasculature that cause subtle deformation 

of the surrounding tissue. These tissue deformations are highly relevant as a potential source of information on 

the brain’s microvasculature as well as of tissue condition. Besides, cyclic brain tissue deformations may be a 

driving force in clearance of brain waste products. We have developed a high-field magnetic resonance imaging 

(MRI) technique to capture these tissue deformations with full brain coverage and sufficient signal-to-noise to 

derive the cardiac-induced strain tensor on a voxel by voxel basis, that could not be assessed non-invasively 

before. We acquired the strain tensor with 3 mm isotropic resolution in 9 subjects with repeated measurements 

for 8 subjects. The strain tensor yielded both positive and negative eigenvalues (principle strains), reflecting the 

Poison effect in tissue. The principle strain associated with expansion followed the known funnel shaped brain 

motion pattern pointing towards the foramen magnum. Furthermore, we evaluate two scalar quantities from 

the strain tensor: the volumetric strain and octahedral shear strain. These quantities showed consistent patterns 

between subjects, and yielded repeatable results: the peak systolic volumetric strain (relative to end-diastolic 

strain) was 4.19 ⋅10 − 4 ± 0.78 ⋅10 − 4 and 3.98 ⋅10 − 4 ± 0.44 ⋅10 − 4 (mean ± standard deviation for first and second 

measurement, respectively), and the peak octahedral shear strain was 2.16 ⋅10 − 3 ± 0.31 ⋅10 − 3 and 2.31 ⋅10 − 3 ± 
0.38 ⋅10 − 3 , for the first and second measurement, respectively. The volumetric strain was typically highest in 

the cortex and lowest in the periventricular white matter, while anisotropy was highest in the subcortical white 

matter and basal ganglia. This technique thus reveals new, regional information on the brain’s cardiac-induced 

deformation characteristics, and has the potential to advance our understanding of the role of microvascular 

pulsations in health and disease. 
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. Introduction 

Blood flow into the brain is pulsatile, driven by variation in blood

ressure over the cardiac cycle. The pulsatile pressure waves, generated

y the heart, are transmitted through the arterial tree all the way to

he level of the microvasculature ( Hahn et al., 1996 , Shore et al., 1995 )

s the arterial pressure wave reaches the microvascular bed, these mi-

rovessels swell and stretch elastically causing the surrounding tissue to

e displaced ( Reese et al., 2002 , Soellinger et al., 2009 , Zhong et al.,

009 ). These ensuing subtle tissue deformations show regional varia-

ion, depending on the amount of blood that is delivered locally, but

lso on tissue properties and the tissue’s position relative to, for exam-

le, the ventricles. 

Measuring brain pulsatility is of interest, as it carries information of

oth the blood vessels that drive these pulsations, and of the surrounding

issue that deforms in response to the vascular pulse. Indeed, it has been
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hown that brain tissue stiffness can be derived by performing magnetic

esonance elastography (MRE) reconstructions on measured heartbeat-

elated tissue motions ( Weaver et al., 2012 , Zorgani et al., 2015 ). Con-

entional MRE has shown that the brain tissue softens (becomes less

tiff) with age, which probably reflects change in the tissues microstruc-

ure ( Sack et al., 2009 ). Also, one can compute the volumetric strain

ccompanying the brain tissue displacement, which is defined as the rel-

tive change in volume of an elementary piece of tissue ( Hirsch et al.,

013 , Adams et al., 2020 , Sloots et al., 2020 , Adams et al., 2019 ). Re-

ional variation in this volumetric strain most likely reflects (at least

artially) regional variation in the arterial blood fraction of the tissue

 Adams et al., 2019 ). This notion is corroborated by observed white

atter tissue swelling during systole, which is much smaller than the

ray matter tissue swelling ( Adams et al., 2020 , Sloots et al., 2020 ,

dams et al., 2019 ). It is conceivable that combining dedicated com-

uter models with precise measurements of the brain tissue deformation

ould yield insight in mechanical properties of both the vasculature

such as local blood volume and its compliance) and the tissue (such as

he bulk- and shear modulus) ( Linninger et al., 2005 , Linninger et al.,

009 ) 
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Apart from offering a window to microvascular and tissue mi-

rostructural features, brain tissue pulsations are also of interest for their

otential role in essential physiological processes. Flow-induced shear

tress and its pulsatility evoke mechanotransductive responses in en-

othelial cells, which constitute the blood-brain barrier ( Davies et al.,

013 , Chistiakov et al., 2017 , Dai et al., 2004 ). Moreover, tissue de-

ormations propel cerebral spinal fluid (CSF) around the brain. As CSF

ulfills an important role in the drainage of cerebral waste, tissue de-

ormation is considered to contribute to waste clearance in the brain

 Mestre et al., 2017 , Spector et al., 2015 ). Although the exact mech-

nism of brain waste clearance are still controversial, it is likely that

issue deformations contribute this process by mixing of the intersti-

ial and para-arterial fluids ( Asgari et al., 2016 , Bakker et al., 2016 ).

on-invasive assessment of brain tissue pulsations may therefore be of

alue for studying brain physiology, and could also be relevant for brain

isease. For instance, stiffening of the vascular walls is known to be as-

ociated with increased risk of stroke and the development of cerebral

mall vessel disease (cSVD). cSVD is a major cause of stroke and de-

entia that can currently only be detected when macroscopic, mostly

rreversible, tissue lesions have been developed ( Wardlaw et al., 2013 ,

antoni, 2010 ). Assessment of changes in the microvascular- and tissue

roperties prior to the development of such damage might yield insight

n the underlying disease processes. 

Despite the apparent relevance of cardiac-induced brain tissue de-

ormations, there are currently limited methods to study these defor-

ations in a non-invasive way in humans. The phenomenon of phys-

ological brain tissue deformation is subtle, with typically maximal

tretch along a single direction in the order of 0.3% ( Sloots et al., 2020 ,

ahlavian et al., 2018 ). Volumetric strains are even more subtle, typ-

cally less than approx. 0.1% ( Adams et al., 2020 , Sloots et al., 2020 ,

dams et al., 2019 ). These deformations can be derived from motion

eld maps through the use of spatial derivatives. MRI techniques that

n principle can provide these motion field maps include amplified MRI

aMRI) ( Holdsworth et al., 2016 , Terem et al., 2018 ) and phase-contrast

RI (PC-MRI) ( Ståhlberg et al., 1989 , Feinberg and Mark, 1987 ). Yet,

MRI is designed for standard anatomical cine images, which are not op-

imized to capture the subtle brain motion. Besides, the aMRI algorithms

o not provide deformation fields directly, meaning that additional reg-

stration algorithms have to be used that only add to uncertainty. On the

ther hand, PC-MRI requires velocity sensitivities ( V encs ) in the order of

 mm/s, which require bipolar gradients that are too large to be practi-

ally feasible with reasonable TRs and TEs (practically feasible V encs are

n the order of 1 cm/s) ( Adams et al., 2020 ). Therefore, we use Displace-

ent Encoding with Stimulated Echoes (DENSE) ( Aletras et al., 1999 )

o quantify these motion field maps ( Reese et al., 2002 , Soellinger et al.,

009 , Zhong et al., 2009 ). However, the computation of spatial deriva-

ives amplifies the noise present in these motion field maps. As a re-

ult, the signal to noise ratio (SNR) in the strain measurements are typ-

cally low. Even at 7T, current strain measurements as obtained with

 time-resolved multi-shot 3D approach, require an increase in SNR by

pproximately a factor of 10, in order to perform a voxel-wise analysis

f the tissues volumetric strain ( Adams et al., 2019 ). The lack in SNR

n the multi-shot 3D approach mainly originated from the use of sub-

ptimal encoding sensitivities of the DENSE sequence. In these studies,

ess-than optimal motion encoding sensitivity already induced consider-

bly ghosting artifacts due to phase inconsistencies between the shots,

hich were due to involuntary subject motion resulting from, among

ther things, respiration ( Soellinger et al., 2009 , Adams et al., 2019 ).

his sensitivity to involuntary motion prohibited the use of the theoreti-

ally optimal motion encoding sensitivity. The recently proposed DENSE

equence ( Sloots et al., 2020 ) circumvents these phase inconsistencies

y using a single-shot approach, thereby enabling to increase the motion

ensitivity that yields higher SNR in the motion field maps ( Sloots et al.,

019 ). Moreover, as this approach is less sensitive to subject motion it

ay be more advantageous to use in patients. Yet, this technique was

imited in brain coverage by the 2D acquisitions. 
2 
In this work, we present a comprehensive single-shot DENSE se-

uence with optimized sensitivity that combines the benefit of high SNR

or a voxel-wise strain analysis, and a simultaneous multi-slice (SMS) ac-

uisition approach for whole-brain coverage. We use the technique to

erive the cardiac-induced tissue deformations and characterize this de-

ormation across the brain. Specifically, we derive the full strain tensor

nd map it for the entire brain. Besides, we present two scalar maps

erived from the tensor: volumetric strain and octahedral shear strain.

irst, a brief background on the derivation of the strain tensor is pro-

ided, which summarizes the established relevant theory. The heart of

his work, however, is the acquisition of deformation gradient fields

ith sufficient SNR that make the strain tensor reconstruction feasible,

ithout suffering from excessive noise. We acquire the strain tensor in

ultiple subjects to investigate its inter-subject consistency and also in-

lude repeated measurements to assess its repeatability. By combining

he data from 9 subjects to MNI space, we aim to quantitatively describe

he typical pattern of cardiac-induced brain tissue deformation. 

. Materials and methods 

.1. DENSE sequence 

The DENSE sequence ( Aletras et al., 1999 ) consists of a motion en-

oding and decoding part (see Fig. 1 ). The encoding part consists of a

radient between two 90° RF pulses, which imposes a sinusoid on the

ongitudinal magnetization of which the local phase encodes the cur-

ent position of the tissue. After a given time, the decoding part reads

ut the prepared longitudinal magnetization. Any tissue displacement

long the direction of the encoding gradient leads to a corresponding

hase shift in the resulting phase image. This way, DENSE – analogue

o velocity encoding – manipulates the phase information such that it

ecomes proportional to the displacement of brain tissue that occurred

etween encoding and decoding. 

Tissue displacement maps ( u x , u y , u z ) can be derived from motion-

ensitive phase images acquired through DENSE by 

 𝑥 = 

𝐷 𝑒𝑛𝑐 

𝜋
𝜙𝑥 (1) 

here 𝜙𝑥 is the phase of the DENSE MRI signal acquired after motion

ncoding in the x-direction and D enc is the displacement encoding value

n units of meters (similar to the V enc parameter used in phase-contrast

RI, which has units of meters/second). At this point, the MRI phase

ignal contains both phase contributions due to cardiac-induced motion,

ubject motion and phase confounders from respiration and the RF coils,

hich are later regressed out after computing the deformation gradients.

.2. Simultaneous multi-slice dense 

Our previous developed cardiac triggered, single-shot DENSE se-

uence ( Sloots et al., 2020 ) was modified to be compatible with a si-

ultaneous multi-slice (SMS) acquisition approach to obtain time- and

NR-efficient whole brain DENSE acquisitions ( Barth et al., 2016 ). While

he encoding part of the DENSE sequence (first two RF pulses) remained

nchanged and non-selective, the third RF pulse for slice selective ex-

itation needed modification to be compatible with a multiband SENSE

cquisition approach ( Barth et al., 2016 ). We achieved this by replac-

ng the standard excitation pulse with a SMS excitation pulse as imple-

ented by the vendor on the scanner for other sequences. This SMS

xcitation pulse combines a standard two-lobe sinc pulse with two fre-

uency offsets to obtain a user defined spacing (72 mm in our case) be-

ween the slices. The duration of the multiband RF pulses was longer

ompared to the standard RF-pulse (3.39 ms vs 1.13 ms). The simulta-

eously acquired volumes were reconstructed by the standard recon-

truction platform of the scanner. A full evaluation of the SMS method

or the proposed DENSE sequence is provided in the supplementary file

Figures S1 and S2). 
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Fig. 1. Simultaneous multi-slice (SMS) DENSE acquisition principle, combined with an example for data acquisition and analysis of one DENSE series. In the current 

example, motion encoding was in the Feet-to-Head direction with a sagittal acquisition orientation. Repeating the DENSE MRI sequence for additional in-plane 

encoding directions with sagittal, coronal and transverse orientation, resulted in 6 datasets. 

(1) SMS DENSE consists of 2 non-selective 90° RF pulses to encode the tissue. After a given mixing-time, a selective 90° multi-band RF pulse is employed to excite 

and acquire (in the current method) a slice group of 3 2D slices. 

(2) Data was recorded over 24 repeated acquisitions with alternating encoding direction sign to distinguish between phase contributions due to motion and a motion 

independent phase confounders. Each repeated acquisition consisted of 12 excitations in each package with a multi-band factor of 3, which equals to 72 slices. Odd 

slices (associated with excitations s 1 , s 3 … s 23 ) were acquired in the first package whereas the even slices (associated with excitations s 2 , s 4 … s 24 ) were acquired in 

the second package. Slice order was permuted over the repeated acquisitions to obtain each slice at different moments in the cardiac cycle. 

(3) Time-series of displacement-encoded phase images (d) were used to derive displacement gradient maps (g, two maps for each encoding direction). The current 

sagittal example yields the 
𝜕 u FH 
𝜕 FH 

and 
𝜕 u FH 
𝜕 AP 

displacement gradients, which are shown here in transverse orientation to illustrate the full brain coverage with isotropic 

voxels. Using the physiological data, these gradient maps were fitted in a linear model to obtain the displacement maps and confounders (G) in 8 interpolated cardiac 

phases across the 0 - 52.5% of the cardiac cycle. 

3 
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e  
.3. Data acquisition 

The Ethical Review Board (ERB) of the University Medical Center

trecht approved the use of healthy volunteers for MRI protocol devel-

pment. Nine healthy volunteers (6 males, 3 females, age 30 ± 4 years)

ere included and written informed consent was obtained in accordance

ith the ERB approval. The volunteers were scanned at 7T (Philips

ealthcare, Best, The Netherlands) using a 32-channel receive head coil

ithin an 8 channel transmit/receive head coil (Nova Medical) oper-

ted in quadrature mode. In each volunteer, 6 DENSE series with in-

lane motion-encoding in the Right-to-Left (RL), Anterior-to-Posterior

AP) and Feet-to-Head (FH) direction were obtained. The series were

cquired with different orientations: 2 sagittal series (in-plane FH and

P encoding), 2 coronal series (in-plane FH and RL encoding) and 2

ransverse series (in-plane AP and RL encoding). The purpose of each of

hese DENSE series was to provide two components of the deformation

radient tensor (see Eq. (5) in Section 2.4.3 ), by taking the in-plane spa-

ial derivatives from the motion encoded data (see Table S1 in the sup-

lementary files for complete overview). Each DENSE series consisted

f 72 slices and had the following imaging parameters (see Fig. 1 ): ac-

uired resolution: 3 ×3 ×3 mm 

3 ; FOV: 250 ×250 ×216 mm 

3 (72 slices);

ulti-band factor: 3 (24 excitations); slice gap: 0 mm; displacement en-

oding ( D enc ): 80 𝜇m; 2 packages (12 excitations per package; odd slices

n first package and even slices in the second); single-shot EPI readout

EPI factor: 33); SENSE factor: 2.6 (AP or RL, depending on acquisition

rientation); TE/2: 20 ms and EPI band width in the readout/phase en-

oding direction; 2.7 kHz/pixel; 47 Hz/pixel. Furthermore, each DENSE

eries consisted of 24 repeated scans, in which 12 slice order permu-

ations were applied together with 2 opposite encoding directions (to

istinguish between motion-induced phase and phase confounders). Sat-

ration effects from neighboring slices were remedied by acquiring odd

nd even slices in two separate packages. Slice order permutations for

ach repeated scan ensured that each slice was acquired at different

ime-locations into the cardiac cycle. Physiological data were simultane-

usly recorded by using a vector cardiogram (VCG) and a pulse oximeter

POx) for backup. Acquisition of each DENSE series had a duration of

8 heartbeats: 2 slice packages (odd vs. even slices; each package cov-

ring one cardiac interval) x 12 permutations over the cardiac cycle x

 encoding polarities, resulting in a scan time of 48 s for 60 beats per

inute (bpm) and 4:48 min total scan time to produce a complete set.

ach slice package consisted of 12 slice groups, which, together with a

B factor of 3, resulting in 36 slices per cardiac interval. The temporal

lice spacing depended on the heartrate of the volunteer and was chosen

uch that the 11 intervals between the 12 slices covered at least 50% of

he cardiac cycle (which implies a temporal slice spacing of 45 ms for

0 bpm). The minimum temporal slice spacing required to perform the

PI acquisition was 42 ms, regardless of the heartrate. Furthermore, the

ime required between encoding and decoding the first slice was 30 ms,

egardless of heart rate. 

Time-resolved 2D CSF flow measurements were acquired using

etrospectively-gated phase-contrast MRI (PCMRI) to compare the CSF

troke volume with the brain volumetric strain as an independent means

or validation of the DENSE measurements. The 2D slice was planned

t the C2-C3 level of the spinal canal. Motion-encoding was in the FH

irection towards the spinal canal. Two different encoding sensitivities

f 5 and 10 cm/s were acquired to obtain accurate measurements while

voiding phase wraps. Other imaging parameters included: acquired res-

lution 0.45 ×0.45 ×3 mm 

3 ; FOV: 424 ×408 mm 

2 ; SENSE: 2 (RL) and

0 reconstructed cardiac phases over the cardiac interval. The scan du-

ation of the PCMRI was 1:43 min for a heart rate of 60 bpm. 

Two additional scans were acquired for data processing purposes.

irst, a T1-weighted (T1w) turbo field echo (TFE) scan (acquired res-

lution 1.00 ×1.00 ×1.00 mm 

3 ; FOV 250 ×250 ×190 mm 

3 ; TFE factor

00; inversion delay 1292 ms; SENSE 2 (AP direction); FA 5 ̊; TR 4.2 ms;

E 1.97 ms; acquisition time 2 min) was acquired as anatomical refer-

nce. Second, two B0 field maps were obtained: the first was acquired at
4 
he beginning of the scanning session, and was used to perform second

rder image-based B0 shimming; the second was acquired after shim-

ing to allow us to correct for remaining geometric distortions in the

cquired DENSE images. A single B0 field map was reconstructed from

he phase difference of two successive gradient echo scans with fixed

R, and different TE, as available from the vendor (acquired resolution

.50 ×3.50 ×3.50 mm 

3 ; FOV 224 ×224 ×224 mm 

3 ; FA 8 ̊; TR 3.9 ms; TE

.57 ms and 2.57; scan duration: 25 s). 

.4. Strain tensor reconstruction 

.4.1. From dense series to displacement gradient fields 

The acquired DENSE series were analyzed offline with custom soft-

are written in MATLAB R2018b (The MathWorks, Inc., Natrick, MA,

SA). The positive and negative encoded slices in one DENSE series were

egistered using Elastix with a rigid transformation ( Klein et al., 2010 ).

inear interpolation on the complex data was performed to transform

he data. Since slices were acquired at different time-locations into the

ardiac cycle, only in-plane translations and rotations were allowed dur-

ng registration, preventing interpolation between adjacent slices that

ere not acquired at the same time location. The shimmed B0-map was

hen registered to the DENSE series and used for EPI distortion correc-

ion ( Jezzard and Balaban, 1995 ). Registration and distortion correc-

ions were applied to the real and imaginary components of the com-

lex data of the DENSE series. After these initial corrections to the data,

pparent displacement field maps were obtained from the phase sig-

al for the positive and negative polarities of the encoding gradient (see

q. (1) ). These fields still included confounding factors from non-motion

elated phase contributions such as the RF phase. Gradients were de-

ived from these apparent displacement field maps by computing spatial

erivatives along the two in-plane coordinate axes. Each DENSE series

hereby produced two apparent displacement gradient fields (which still

ontained phase confounders). As a result, 12 apparent displacement

radient fields for the 6 DENSE series were produced (see Supplemen-

ary Table S1). Phase wraps in the phase images caused a large numeric

erivative Δ𝜑 , which was resolved by adding or subtracting 2 𝜋 to Δ𝜑
o bring it closer to zero if 

Δφ | > Δ𝜑 𝑚𝑎𝑥 = 1 . 5 𝜋 (2)

hich represents a maximum tolerated strain of 

 𝑚𝑎𝑥 = 

Δ𝜑 𝑚𝑎𝑥 

2Δ𝑥 
𝐷 𝑒𝑛𝑐 

𝜋
= 

3 
4 
𝐷 𝑒𝑛𝑐 

Δ𝑥 
(3)

For a resolution of 3 mm isotropic and an encoding sensitivity D enc 

f 80 𝜇m, this results in a maximum strain of 2%, which is well over

he maximum expected tissue strains of 0.6%. The VCG and POx trig-

er data as recognized by the scanner software were used to deduce

he positions of the acquired slices relative to the cardiac interval. Each

pparent displacement gradient map was fitted voxel-wise to the physi-

logical data in a linear model as described before ( Sloots et al., 2020 ).

o account for differences in heart rate between subjects, and between

epeated scans, the linear model was defined for 8 cardiac phases at

xed relative positions in the cardiac cycle, in a way that is equivalent

o linear interpolation between the 12 acquired heart phases. As a re-

ult, 8 displacement gradient maps were obtained, distributed over the

ver the cardiac cycle at 0, 7.5, 15, 22.5, 30, 37.5, 45 and 52.5% of the

ardiac interval. The 8 displacement gradient maps over the cardiac cy-

le, show these displacement gradients with reference to end-diastole,

hich has by definition zero strain (and, thus, zero displacement

radients). 

.4.2. From displacement gradient fields to strain tensor 

The displacement gradient fields were obtained from all 6 motion-

ncoded DENSE series that were acquired for each subject. Next, mag-
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Fig. 2. (a) Top figure: A deformed voxel at peak systole relative to end-diastole serves as an example to illustrate how a voxel stretches along a certain 1D direction 

(blue arrows), while at the same time it compresses along another orthogonal direction (red arrows). Bottom figure: The RGB color coding of directionality ( Pajevic and 

Pierpaoli, 1999 ) . Red: Right-to-Left (RL); green: Anterior-to-Posterior (AP) and blue: Feet-to-Head (FH). Figure b and c show the direction and magnitude of largest 

expansion (first principal strain) and largest compression (third principal strain) in each voxel for subject 4, respectively (unsmoothed data from measurement 1 in 

its native space). Top figure: the direction of the eigenvector in each voxel using the directionally encoded color scheme. Bottom figure: gray-scale maps representing 

the magnitude of the associated principle strain. For the third principle component, the absolute value of the eigenvalues was taken, resulting in a map with only 

positive values. Multiplying the eigenvectors with the eigenvalues results in an intensity color map. 
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itude data of these DENSE series were used to register the displace-

ent gradient fields by using Elastix in a group-wise rigid registration in

ombination with third order b-spline interpolation ( Klein et al., 2010 ).

ach DENSE series provided two components of the displacement gradi-

nt tensor. For instance, the sagittal oriented dataset with FH encoding

irection from Fig. 1 provides the displacement gradient fields 
𝜕 𝑢 𝐹𝐻 

𝜕𝐹𝐻 

nd 
𝜕 𝑢 𝐹𝐻 

𝜕𝐴𝑃 
(see Eq. (5) ). The diagonal elements of the displacement gra-

ient tensor were obtained twice, each for a different acquisition ori-

ntation. We inspected the consistency between the pairs of diagonal

lements and confirmed that they showed reasonable agreement and

o systematic differences (see Figure S3 in the supplementary files for

onsistency). Hence, we averaged the pairs of data before the strain

ensor was obtained from Eq. (4) . In this work, we reconstructed the

train tensor of tissue relative to diastole (e.g. the R-top in the ECG sig-

al). The strain tensor describes the stretch and compression behavior

f an image-voxel along three orthogonal directions. In principle this

an be any direction, yet, for three dimensions, the eigenvalue decom-

osition returns the three directions in which only pure stretch or com-

ression occurs, without shear strains. The accompanying eigenvalues

re the respective strains in these directions, and known as the principal

trains. We will mainly focus on two of these directions: the first prin-

iple direction of dominant stretch and the third principle direction of

ominant compression. The principle strains are visualized by using di-

ectionally encoded color (DEC), known from diffusion tensor imaging,

nabling qualitative visual comparisons ( Pajevic and Pierpaoli, 1999 ).

ig. 2 shows this principle, where the direction of the eigenvector in

ach voxel is depicted by the RGB color scheme, while the intensity

epresents the magnitude of associated principle strain. 

.4.3. Volumetric strain and octahedral shear strain 

The Lagrangian strain tensor strain tensor E can be written as follows

31] : 
5 
 = 

1 
2 
(
𝐅 𝐓 𝐅 − 𝐈 

)

 

⎛ ⎜ ⎜ ⎝ 
𝜀 𝑥𝑥 𝜀 𝑥𝑦 𝜀 𝑥𝑧 
𝜀 𝑦𝑥 𝜀 𝑦𝑦 𝜀 𝑦𝑧 
𝜀 𝑧𝑥 𝜀 𝑧𝑦 𝜀 𝑧𝑧 

⎞ ⎟ ⎟ ⎠ (4) 

E is symmetric and independent of rigid body translation or rota-

ion. It describes the tissue deformation, where the diagonal elements

f E ( 𝜀 xx , 𝜀 yy and 𝜀 zz ) describe the local stretch (positive) or shortening

negative) of the tissue in the associated direction, while the off-diagonal

lements describe the shear components. The deformation gradient ten-

or F is given by 

 = ∇ 𝐮 + 𝐈 (5)

here I is the identity matrix and u x , u y and u z are the measured dis-

lacements in Right-to-Left, Anterior-to-Posterior and Feet-to-Head, re-

pectively. From E we derive two scalar quantities: the volumetric strain

nd octahedral shear strain. The volumetric strain reflects net expan-

ion or compression of the voxel, relative to (in the present study) end-

iastole. Under the assumption of very small deformations, the volumet-

ic strain 𝜀 V can be approximated by summing over all eigenvalues 12 :

 𝑉 = 

Δ𝑉 
𝑉 

≈ 𝜀 𝑥𝑥 + 𝜀 𝑦𝑦 + 𝜀 𝑧𝑧 (6)

Octahedral shear strain signifies how much the voxel deforms and

s independent of volumetric strain. The octahedral shear strain can be

onsidered as a measure for the differences between of the three princi-

al strains, indicating the deviation from isotropic swelling (three equal,

ositive principal strains) of a voxel during the heartbeat and is given

y Eq. (7) below ( McGarry et al., 2011 ). 

 𝑆 = 

2 
3 

√ (
𝜀 𝑥𝑥 − 𝜀 𝑦𝑦 

)2 + 

(
𝜀 𝑥𝑥 − 𝜀 𝑧𝑧 

)2 + 

(
𝜀 𝑦𝑦 − 𝜀 𝑧𝑧 

)2 + 6 
(
𝜀 2 
𝑥𝑦 

+ 𝜀 2 
𝑥𝑧 

+ 𝜀 2 
𝑦𝑧 

)
(7) 
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While the octahedral shear strain is zero for isotropic swelling (or

hrinkage), it is larger than zero for deformations (either isovolumic

r non-isovolumic) with different principal strains (e.g. stretch in one

irection and compression in a perpendicular direction). The octahedral

hear strain is a positive number, while a value of 0 indicates isotropic

eformation of the voxel (i.e. the same amount of stretch or compression

n each orthogonal direction). 

.5. Repeatability 

DENSE series were repeated with repositioning of the subject to as-

ess the test-retest reliability of the measurements. The total scan ses-

ion including both repeated measurements lasted less than 90 min.

omparing the original measurement with the repeated measurement

as done by rigid registration of the T1w scan associated with the re-

eated measurement to the T1w scan associated to the original dataset.

he resulting transformation was then performed on the displacement

radient fields belonging to the repeated measure using third order b-

pline interpolation. Both T1w scans were segmented using Computa-

ional Anatomy Toolbox (CAT12, version 1615, Jena University Hospi-

al, Departments of Psychiatru and Neurology) for Statistical Parametric

apping (SPM12, version 7771, Wellcome Trust centre for Neuroimag-

ng, University College London) and a combined brain mask was created

ut of the tissue probability maps, where voxels containing any CSF in

he original or the repeated T1w scan were discarded. An additional city-

lock erosion step was included to assure that no partial volume effects

rom CSF were present in the deformation gradient maps, as neighbor-

ng voxels would influence values in a given voxel via the derivative

alculations. All remaining voxels were used to assess regional repeata-

ility. 

Per subject, repeatability analysis was performed on the eigenval-

es, volumetric strain and octahedral shear strain measures deduced

rom the two strain tensor reconstructions. The analysis was separately

erformed for seven brain regions of interest (ROIs): cerebellum, brain

tem, basal ganglia, temporal lobe, occipital lobe, parietal lobe and

rontal lobe. MNI labels registered to the original T1w scan were used to

istinguish between the different regions. The repeated measurements

ere evaluated using the voxel-wise SNR as the reciprocal of the coef-

cient of variation: 

𝑁𝑅 = 

|𝜇|
𝜎

(8)

here 𝜇 is the mean of the two measurements averaged over all voxels

n the ROI and 𝜎 the standard deviation over the voxel-wise difference

etween the measurements. 

.6. External validation 

Per subject, the volumetric strain measurements were validated

gainst the CSF in/outflow in the foramen magnum. To this end, we

ompared the average volume change of brain tissue resulting from the

olumetric strain to the change in CSF volume obtained at the C2-C3.

his method was used previously to validate the multi-shot 3D DENSE

ethod and an approximately linear relationship was reported between

SF flows and brain tissue volume pulsations over the cardiac cycle

 Adams et al., 2020 ). Here we use the same approach to validate the

urrent single-shot SMS DENSE method. 

The average volume change over the cardiac cycle can be obtained

rom the whole-brain average volumetric strain by solving Eq. (6) for

V . The absolute volume of white matter and gray matter was obtained

hrough brain segmentation of the T1w scan (registered to the mean

ENSE magnitude image resulting from the group-wise registration) us-

ng CAT12. From the tissue probability maps, a mask was created where

ll voxels containing any CSF in the original or the repeated T1w scan

ere discarded. An additional city-block erosion step was included to

ssure that no partial volume effects from CSF were present. This way,

he analysis was exclusively due to the rise in volume of the tissue, as
6 
ll CSF and large vessels embedded in the CSF, like the circle of Willis,

ere excluded by using such a stringent mask. The average volumetric

train was obtained over the same eroded, CSF free tissue mask, that

as generated for assessing the regional repeatability. Multiplying the

olume of grey and white matter with the average volumetric strain,

esulted in the volume change over the cardiac phases. 

The volume of CSF was calculated by integrating the CSF velocity

aps over the cardiac cycle and multiplying the result by the area of

he spinal canal. Furthermore, the volume curves were shifted in time

o compensate for the encoding delay in the DENSE series. The encoding

elay is defined as the time between an observed R-top trigger by the

RI system and the encoding gradient applied to encode the signal.

he encoding delay was 20 ms, resulting in a shift of 2–3%, depending

n the heartrate. Both the tissue volume curve and CSF stroke volume

urve were independently corrected so that they both would intersect

he origin at point (0, 0). 

.7. Average strain tensor 

The overall behavior of the strain tensor was assessed by com-

ining the results of the first measurement for all individual subjects

n MNI space (ICBM 2009c Nonlinear Symmetric Fonov et al., 2009 ,

onov et al., 2011 ). Per subject, the reconstructed strain tensor was reg-

stered to MNI space using the associated T1w scan: First, the T1w scan

as registered to the mean DENSE magnitude image resulting from the

roup-wise registration of the six DENSE series, after which it was regis-

ered to MNI space by using Elastix using an affine registration followed

y a non-linear b-spline regularized registration ( Klein et al., 2010 ). The

esulting transformation was then applied to the strain tensor with third

rder b-spline interpolation for the eigenvalues and nearest neighbor in-

erpolation for the (unit) eigenvectors. Furthermore, the direction of the

igenvectors were corrected using the rotation component of the affine

egistration step ( Leemans and Jones, 2009 ). The volumetric strain and

ctahedral shear strain were computed in native space before transform-

ng the maps to MNI space. Third order b-spline interpolation was used

hen transforming these scalar maps to MNI space. The resulting maps

ere averaged over all subjects, resulting in average maps for the first

igenvector (most expansion), the third eigenvector (most compression),

he volumetric strain and octahedral shear strain. SNR maps represent-

ng the voxel-wise SNR derived from the repeated measurements, were

lso included for the volumetric strain and octahedral shear strain (see

qs. (6) and (7) . 

. Results 

.1. Strain tensor 

Fig. 2 represents an example of the strain tensor map for subject

 at peak systole (specifically 30% of the cardiac cycle for the cur-

ent subject) in the native space of this subject. Only the first principal

train (maximum expansion, Fig. 2 b) and third principle strain (maxi-

um compression, Fig. 2 c) are represented together with its associated

igenvalue. In rare occasions an eigenvector decomposition of a voxel

esulted in either three positive ( < 1% of the voxels) or three nega-

ive eigenvalues ( < 0.3% of the voxels). In these cases respectively, the

ssociated compression (third component) or expansion direction (first

omponent) were set to 0. The first principle strain and third princi-

le strain will be referred to as the positive strain and negative strain,

espectively. 

Brain regions with large expansions (positive strain) were generally

ccompanied by large compressions (negative strain) in a direction per-

endicular to the expansion direction. This observation, where axial ex-

ansion of an object in the direction of the expansion load is accompa-

ied by transverse compression, is also known as the Poisson effect (See

ig. 2 ). 
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-1.5 0 1.5

Expansion

(c) Octrahedral shear strain
10

εS (10-3)

(b) Volumetric strain

εV (10-3)
Compression

0
(a) Example

(1)

(2)

εV > 0

εS = 0

εV = 0

εS > 0

Fig. 3. Volumetric strain and octahedral shear strain for subject 5 (unsmoothed data from measurement 1). (a) Example demonstrating the concepts of volumetric 

strain and shear strain. The first example (top) shows a voxel with isotropic swelling at peak systole. This voxel increases its volumetric strain without inducing 

shear strain. The second example (bottom) represents a voxel with isovolumic deformation (preserving its volume), which yields non-zero octahedral shear strain 

( McGarry et al., 2011 ) . (b) Peak volumetric strain (with respect to diastole) shows an increase at the cortical surface and near sulci. (c) Peak shear strain is most 

pronounced in regions near the ventricles. The volumetric strain and octahedral shear strain barely correlate (R 2 < 0.0001 for current subject), illustrating that they 

reflect different aspects of the deformation of the voxel. 
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.2. Volumetric strain and octahedral shear strain 

Peak systole, defined as the moment of largest mean volumetric

train, ranged between 30 and 37.5% of the cardiac interval, depending

n the subject. Fig. 3 shows the volumetric strain and octahedral shear

train at peak systole for subject 5 at different locations in the brain.

ortical regions show mostly isotropic expansion (low shear strain). Vol-

metric strain and shear strain did not substantially correlate (average

 

2 = 0.003). On average, peak volumetric strain and peak shear strain

ere reached at the same time. However, in subject 5 the volumetric

train peak came after the peak in octahedral shear strain, at 37.5% and

2.5%, respectively. This observation was consistent between the first

nd repeated scan. 

.3. Per subject 

The individual strain maps are provided in Fig. 4 for all subjects.

he results show similar trends for all subjects, where the positive prin-

ipal strain direction follows the known brain motion pattern, which is

unnel shaped and pointing towards the foramen magnum ( Greitz et al.,

992 ). The negative principal strain direction is somewhat heteroge-

eous across subjects, but its magnitude correlates with the magni-

ude of the positive principal strain, reflecting the Poisson effect in

ll subjects. The volumetric strain is larger in regions where more

ray matter is present. On the other hand, the octahedral shear strain

s more pronounced in regions in the white matter, near the ventri-

les. Data quality was high in all subjects with some visible artifacts

stripes) in subject 3 and 6, presumably due to subject motion during

canning. 

.4. Repeatability 

Repeated measurements were performed for all subjects, except sub-

ect 3, who opted out after the first scan as he felt uncomfortable. Subject

 could therefore not be included in the repeatability study. 

The comparison between the initial measurement and the repeated

easurement is shown in Fig. 5 , which consists of a summarized Bland-
7 
ltman plot for each individual subject, for seven spatial brain regions.

he mean of the two repeated scans is shown as a black dot, with sur-

ounding error bars representing the non-parametric reproducibility co-

fficient ( + /- 1.45 ⋅ interquartile range). The mean voxel-wise SNR (see

q. (8) ) over all subjects per ROI is presented as well. The complete

et of Bland-Altman plots for the volumetric strain and octahedral shear

train of one of the subjects, is shown in the supplementary files (see

igure S4 and S5). 

Of the quantities that were assessed, the octahedral shear strain

hows the best voxel-wise repeatability and also has the highest SNR

n all regions compared to the other quantities. Volumetric strain has

he lowest SNR and showed poor voxel-wise repeatability. 

.5. External validation 

A good agreement was found between volumetric tissue strains and

he changes in the CSF flow through the spinal canal over the cardiac

ycle, between 0 and 52.5% (see Fig. 6 ). Linear regression of volumetric

issue strain versus CSF yielded a mean slope of 0.78 ± 0.10 with R 

2 of

.91 ± 0.08. The peak CSF stroke volume occurred at 43% of the cardiac

nterval and was on average 0.58 mL ± 0.09 mL. The peak in brain tissue

olume increase was on average 0.46 mL ± 0.11 mL and occurred at 34%

f the cardiac interval. 

.6. Average strain 

The overall behavior of the strain tensor, volumetric strain and oc-

ahedral shear strain in MNI space, averaged across subjects, is shown

n Fig. 7 . This figure clearly shows distinct strain patterns. These pat-

erns are already discernable at the individual subject level in Fig. 4 ,

ut can be better explored in relation to brain anatomy on the averaged

ata. While tissue expansion roughly follows the typical macroscopic,

unnel-like direction towards the foramen magnum, some white matter

undles can be distinguished due to a different expansion direction com-

ared to its surroundings. The location that might be the corona radiata

 Ahn and Lee, 2011 ), for example, has a different expansion direction
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Fig. 4. Transverse slice in the middle of the brain represented for each subject (columns) and the various outputs from the strain tensor analysis (rows). The color 

scaling of the principle strains is the same as illustrated in Fig. 2 . The T1-weighted image is shown as anatomical reference (top row). A similar trend in all subjects 

can be observed. The positive principal strain tensor (second top row, expansion) follows the known funnel shaped pattern pointed towards the foramen magnum 

( Greitz et al., 1992 ). The negative principal strain tensor (middle row, compression) is more heterogeneous across subjects, but is locally of the same magnitude as 

the positive principal strain, reflecting the Poisson effect. The volumetric strain (second bottom row) is larger towards the periphery of the brain compared to regions 

where white matter is present. Furthermore, the volumetric strain is weakly correlated to the octahedral shear strain (bottom row), which shows large shear strains 

in the white matter, around the ventricles. 
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ompared to its surrounding white matter tissue (see Fig. 7 ). The same

ber tract is also observed in the octahedral shear strain, where this

undle has reduced anisotropy compared to its surrounding. Further-

ore, tracts like the cerebral peduncles and corpus callosum also show

istinct expansion from surrounding tissue, which is accompanied by

arge shear strains. The rostral slices indicate increased shear strain in

he deep white matter structures (i.e. centrum semiovale and cingulum)

elative to the cortical gray matter. 

Volumetric strain, on the other hand, is most pronounced at the cor-

ical gray matter and basal ganglia. Here, it should be noted that the

ask overlaying the results was derived from the CSF probability map,

ut did not include an additional erosion step to assure no partial vol-

me effects from CSF. As a result, regions adjacent to CSF (e.g. ventri-

les or sulci) may suffer from artefacts due to free moving water. This

s reflected by extreme values in these areas, especially visible in the

olumetric strain map, and is shown in more detail in the supplemen-

ary files (Figure S6). Voxel-wise SNR maps of the volumetric strain and

ctahedral shear strain are added to the figure in the bottom two rows,

here the standard deviation was calculated over the nine subjects. The

verage SNR across voxels for the volumetric strain and shear strain

n the brain’s tissue was 0.82 and 3.4, respectively. Again, virtually no

orrelation between volumetric strain and octahedral shear strain was

ound (R 

2 = 0.0004). 

. Discussion 

In this work, we presented a comprehensive single-shot DENSE se-

uence that combines the benefit of sufficient SNR to perform a voxel-
8 
ise strain analysis, with a simultaneous multi-slice acquisition ap-

roach that enables whole-brain coverage within approximately 5 min

f scan time. We used the developed sequence to reconstruct the strain

ensor of brain tissue resulting from cardiac pulsations in the microvas-

ulature and explored its behavior across the brain ( Soellinger et al.,

009 , Adams et al., 2020 , Adams et al., 2019 ). Additionally, we de-

ived two scalar maps: volumetric strain and octahedral shear strain.

e acquired the strain tensor in nine subjects, with repeated mea-

urements in eight subjects to assess test-retest reliability. An exter-

al validation of the volumetric strain was performed by correlating

he results to the CSF flow at the C2-C3 level. By combining the data

rom all subjects to MNI space, we documented the behavior of tis-

ue deformation as for an average brain and investigated the inter-

ubject consistency of the observations. To the best of our knowl-

dge, this is the first time that the full strain tensor from cardiac-

nduced deformation is measured in the human brain with full brain

overage. 

The cardiac-induced 3D strain tensor was visually represented by the

rst principle strain (expansion) and third principle strain (compres-

ion). These deformation maps reflect neuroanatomical details of the

rain’s structure; parts of white matter bundles like the cerebral pedun-

les, corpus callosum and corona radiata in the centrum semiovale can

e distinguished due to a different expansion direction compared to their

urrounding tissue. Regions with large positive eigenvalues, often show

arge negative eigenvalues as well, reflecting the Poisson effect. Given

he random orientation of the microvasculature, we initially expected

 more isotropic deformation pattern (less shear strains) as a result of

he non-oriented swelling of the microvascular bed. However, the first
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Fig. 5. Representation of the voxel-wise analysis of the repeated measurements for seven separate brain regions. Each error bar in fact represents a summarized 

Bland-Altman plot of one subject for each brain region (see Figure S4 and S5 for complete Bland-Altman plots). The mean of the two repeated scans is shown as a 

black dot. The reproducibility coefficient and systematic offset from the voxel-wise difference between the two scans in the indicated brain region are indicated as 

follows: the error bar represents the non-parametric reproducibility coefficient ( + /- 1.45 ⋅ IQR) and systematic offset is captured by a shift of the error bars with 

respect to the mean. As a result, repeated measurements without a systematic difference have a positive and negative error bar of equal length. The systematic offset 

between the two scans was at most 0.4 ⋅10 − 3 for the octahedral shear strain and 0.2 ⋅10 − 3 for the volumetric strain. The listed SNRs represent the SNR within each 

brain region derived from the voxel-wise difference between the repeated scans (see Eq. (8) ), averaged over all subjects. 

9 
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Fig. 6. Per subject comparison of CSF volume expelled from the intracranium (measured at the C2-C3 level) with tissue volume change obtained from the volumetric 

strain measurements. The expelled CSF volume (in mL) is shown over the cardiac cycle interval running from 0 to 60%. Tissue volume measurements were obtained 

only for 0 to 52.5% of the cardiac interval. Numbers in the title of each graph represent the average heartrate of the subject for the associated measurements (CSF 

stroke volume in blue and tissue volume in red, in beats per minute). Additionally, we provide a correlation graph that shows the relation between expelled CSF 

volume and tissue volume change. Each subject is represented by a different colored line; the black line indicates the identity relation. 
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rinciple strain is predominantly directed both towards the ventricles

nd downwards towards the brain stem, which could reflect low resis-

ance towards CSF spaces. We found principle strains ranging from 0.09

0.43% ( Fig. 5 ), with largest strains in the brain stem (range: 0.23% –

.43%) and lowest strains in the occipital lobe (range: 0.09% – 0.12%),

ndicating regional heterogeneity of tissue deformation. Pahlavian et al.

ention 0.38% as maximum principle strain observed in the brain stem

 Pahlavian et al., 2018 , Spottiswoode et al., 2007 )which compares well

o our findings. Yet, they derived F under the assumption of volume con-

ervation, which relies on the false assumption of no volumetric strain
10 
uctuations ( Hirsch et al., 2013 , Adams et al., 2019 , Sloots et al., 2019 ).

s a result, it is necessary to measure F in all directions. Furthermore,

t is not directly apparent to what extent regional microstructure affects

he strain tensor’s behavior. While tissue expansion roughly follows the

ypical directions of white matter fiber bundles pointing towards the

oramen magnum, the corpus callosum, for example, mainly expands

n directions perpendicular to the fiber bundles running from the left

o right hemisphere ( Basser et al., 1994 , Mori et al., 1999 ). It should

e noted that we implicitly assumed that the strain tensor would not

hange principal directions during the cardiac cycle, so we could limit
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Fig. 7. Voxel-wise average of the positive and 

negative strain in MNI space over all 9 subjects 

(taking measurement 1 only, without smoothing 

of the data). A T1-weighted image is included for 

anatomical reference. The voxel-wise average of 

the volumetric strain and octahedral shear strain 

are shown as well, including an SNR map of 

the volumetric strain and shear strain, where the 

standard deviation per voxel was calculated over 

the nine subjects in MNI space. Color scaling for 

the positive and negative principle strain is dif- 

ferent from Fig. 2 and is limited to 2 ⋅10 − 3 to bet- 

ter capture the anterior and posterior structures. 

Color scaling for the volumetric strain and shear 

strain is equal to the scaling presented in Fig. 3 . 

Please note that voxels adjacent to CSF may suf- 

fer from artefacts due to free moving water. Espe- 

cially the extreme values in the volumetric strain 

maps are probably artefacts due to partial vol- 

ume effects. The figure shows how specific tracts 

and other anatomical structures clearly emerge 

from the strain maps, with distinct patters for dif- 

ferent adjacent structures. The bundle that looks 

like the corona radiata, for example, can be dis- 

tinguished due to a different expansion direction 

compared to its surrounding white matter tissue 

and is indicated with white arrows (expansion 

map), and a lower octahedral shear strain, as in- 

dicated with gray arrows (anisotropy map). 

o  

o  

c

 

a  

o  

s  

t  

T  

fi  
ur analysis to the strain tensor at peak systole. The exact time course

f the strain tensor over the cardiac cycle and its relation to the mi-

rostructure of the brain remain topics for future research. 

The different locations for which volumetric strain and shear strain

re most pronounced, show that these quantities depict different aspects
11 
f the local mechanical behavior of the tissue. Especially shear strain

howed good repeatability and relative high SNR. Volumetric strain, on

he other hand, was most difficult to repeat on a voxel by voxel basis.

his is due to the summation over all three eigenvalues, of which the

rst (positive) and the last (negative) eigenvalues largely cancel each
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2  
ther, while the noise increases by a factor of 
√
3 from the summation.

et, averaging over a small ROI already leads to enough noise reduction

o detect regional physiological differences reflected by the volumetric

train. For instance, individual volumetric strain maps already show re-

ional differences in subjects between the insula and white matter. Com-

aring the SNR to previous work shows that we gained at least a factor

f 1.8 in SNR of the volumetric strain maps 12 : Adams et al. reported

 voxel-wise standard deviation of the volumetric strain of 1.4 ⋅10 − 3 ,

hile we measured an SNR for strain of 0.39 (mean over all regions),

hich corresponds to a standard deviation of 0.74 ⋅10 − 3 (given an av-

rage volumetric strain of 2.9 ⋅10 − 4 ). In comparing these numbers one

hould note that Adams’ estimation was theoretically derived from SNR

easurements of the magnitude images, while we obtained the noise es-

imate from voxel-wise comparison between repeated scans after repo-

itioning. Our noise estimation, thus, includes contributions from phys-

ological noise and imperfections in the registration. Most importantly,

he 3D approach used by Adams et al. often suffered from increasing ar-

ifact levels towards the end of the cardiac cycle due to inter-shot phase

nconsistencies, which we avoided by the single-shot approach. These

rtifacts cannot easily be quantified and prohibits in depth comparison

f the gain in SNR and image quality. Nevertheless, we obtained the

ain in SNR in less than half of the scan time (4.8 min vs 13.5 min), al-

eit at the cost of an increased voxel size (3 mm versus 2.2 mm isotropic

esolution). 

The rise in blood volume that enters the cranium from the heart

uring systole, is compensated by an outflow of CSF into the spinal

anal. We measured the cerebral tissue expansion with DENSE and as-

essed the outflow of CSF at the C2-C3 level. Given the incompressibil-

ty of CSF, this approach is justified under the Monro-Kellie doctrine,

hich implies a fixed intracranial volume ( Greitz et al., 1992 ). We an-

lyzed the 0–50% cardiac interval and found an approximate linear re-

ationship between CSF and volumetric strain over the cardiac cycle,

hich is consistent with current concepts of intracranial volume change

 Adams et al., 2020 ). Since the phase difference between the two curves

s known to be minimal, no additional challenges were posed on this

nalysis ( Adams et al., 2020 ). Yet, the method does not take into ac-

ount contributions from both larger arteries and veins embedded in

he intracranial CSF. The C2-C3 location is often used to measure CSF

utflow, since the narrow spaces ensure higher and more homogeneous

ows, mainly directed Feet-to-Head, which can be measured more re-

iably ( Greitz et al., 1992 , Balédent et al., 2004 , Alperin et al., 2005 ).

he choice of this location by us and in previous literature, implicitly

ssumes that CSF volume buffering between the foramen magnum and

his level is negligible compared to the volume buffered by the rest of

he spinal sac below the C2-C3 level, which seems reasonable given the

elative proximity to the foramen magnum. The internal validation of

ur method with CSF stroke volumes confirms the correct implementa-

ion and scaling of the strain measurements obtained through DENSE.

he effect on volumetric strain due to partial volume effects was ad-

ressed by including a stringent mask to calculate the volumetric strain.

till, it remains a limitation of this method that we could assess the

ENSE series only with a rather coarse resolution of 3 mm isotropic.

he effective resolution of the derived strains is further reduced by the

patial derivative operation, which uses the displacement information

rom two neighboring voxels to compute the strain. These artifacts are

articularly seen at CSF-tissue boundaries as shown in Figure S6, and

lso visible around the ventricles of other work (e.g. Fig. 2 in reference

ahlavian et al., 2018 ). We mitigated these effects as much as possible

y using a stringent mask. Computing the derivative on the complex

ignal through the Fourier transform could possibly avoid smoothing

hrough the spatial derivative, albeit at even higher noise amplification

han the spatial derivative operation ( De Leeuw and Bakker, 2012 ). Nev-

rtheless, we are hampered in our analysis by partial volume effects,

specially in regions near free moving water like sulci, and in structures

hat fall below the current resolution, like the cerebral cortex. Cortical

egions tend to contribute more to the average volumetric strain com-
12 
ared to the deep white matter structures. Excluding these voxels from

he analysis by the stringent masking, probably led to a slight underes-

imation of the tissue volume compared to the CSF. Although the ability

o study the swelling of the microvasculature bed with DENSE remains

dvantageous over ‘mass-balance’ approaches that study blood- and CSF

ows at the spinal canal ( Balédent et al., 2004 , Wåhlin et al., 2012 ), the

roposed method has currently limited capabilities to avoid partial vol-

me effects with medium- to large-sized vessels at the cortex, which may

amper accurate assessment of cortical gray matter volumetric strains.

n the meantime, the rather good correlation between CSF flows and

otal brain tissue volumetric strain shows the potential of 2D CSF mea-

urements at the spinal canal as a straightforward approach to assess the

verage pulation of the brain’s blood volume. Since CSF measurements

re easily done and have less SNR constraints, it may be attractive to

erform these measurements at 1.5 or 3T ( Balédent, 2012 ). One caveat,

owever, is the open question whether it will faithfully reflect cerebral

lood volume pulsations in disease, as the relative contribution from the

essels embedded in the brain tissue and the larger vessels in the CSF

ight be different in disease. 

The DENSE method has some intrinsic properties that are impor-

ant to consider when comparing DENSE with other methods (e.g. PC-

RI) or for different field strengths. The stimulated echo acquisition

mployed by DENSE ensures that signal loss during the time between

ncoding and decoding is predominantly proportional to T1, and de-

ays with T2 as function of the TE ( Frahm et al., 1985 ). As a result, the

ime between encoding and decoding can be extended significantly with

ENSE compared to PC-MRI, resulting in increased motion sensitivity

 Weaver et al., 2012 ). Besides, tissue T1 time-constants are consider-

bly longer at higher field strengths, yielding a better performance of

his sequence at high-field for longer encoding-decoding delays. When

ptimizing the DENSE motion sensitivity for assessing strain like we did

n the current paper, the largest source of signal loss is due to diffusion

ffects arising from the large b-values induced by the large encoding gra-

ients combined with long decoding times, which does not change with

eld strength. In studies that used DENSE for tissue displacement only,

iffusion effects did not play a key role since the encoding sensitivity

and thus the associated b-value of the encoding gradients) was limited

o avoid phase wraps ( Soellinger et al., 2009 , Zhong et al., 2009 ). In this

tudy, the high sensitivity of the DENSE sequence resulted in raw dis-

lacement images corrupted with many phase wraps, which prohibits

he reconstruction of displacement images. Furthermore, the high sen-

itivity of the sequence prohibits the use of a multi-shot approach to

otentially increase the resolution. Phase inconsistencies between shots

rom involuntary subject motion may then lead to artifacts. While we

itigated this effect by using a single-shot approach, we are limited

n the spatial resolution. Furthermore, we do not think the proposed

ethod can tolerate a 3/7 factor reduction in SNR resulting from a trans-

ation to 3T clinical scanners without compensating this SNR loss by, for

xample, further increasing the voxel size. 

Volumetric strain reflects both blood volume increase (microvascu-

ar expansion) and tissue stiffness. For instance, white matter could be

tiffer ( Jin et al., 2013 ) and has reduced blood-volume to tissue ra-

io compared to gray matter ( Bulte et al., 2007 , Vonken et al., 1999 ,

rtzi et al., 2015 ). These combined properties result in volumetric strain

ncrease being dominant in the cortical gray matter compared to white

atter regions. Extensive elastography reconstructions could help to un-

avel blood volume change from tissue elasticity ( Tan et al., 2017 ),

roviding a window to tissue integrity as well as perfusion pressure

 Hetzer et al., 2018 ). Yet, it is important to note that, besides microvas-

ular expansion and tissue stiffness, the volumetric strain also reflects

otential simultaneous compression of the interstitial space and drain-

ng veins that act as Starling resistors ( DE Simone et al., 2017 ). Compre-

ensive computer models that take into account the interaction between

lood and CSF, while correcting for tissue stiffness, could help to gain

urther insight into these effects ( Linninger et al., 2005 , Linninger et al.,

009 , Sack et al., 2011 ). In the meantime, the observed volumetric tis-
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ue strain can be regarded as a lower bound estimation of the underlying

lood volume pulsations and may help in advancing our understanding

f diseases like cerebral small vessel disease and vascular contributions

o neurodegenerative diseases ( Sloots et al., 2020 ). 

The mean spatial pattern of high octahedral shear strain roughly fol-

ows the distribution of deep medullary veins as reported previously

 Kuijf et al., 2016 ). The presence of these medullary veins may reduce

he apparent shear stiffness of these regions. The deep medullary veins

upport the venous drainage of the brain and have shown abnormali-

ies in the context of different cerebrovascular diseases ( De Guio et al.,

014 , Yan et al., 2014 , Mucke et al., 2015 ). Although the current young

opulation is not a representative group to study these types of diseases,

hese results show that the technique is sensitive enough to detect re-

ional normal differences in tissue deformation that can be compared

ith other structural brain maps. This indicates that the technique has

otential for studying abnormal tissue deformation in disease. 

The technique proposed in this study is prone to EPI distortion. To

itigate the effects, we used 2nd order image-based B0 shimming. To

ddress remaining geometric distortions, we used a shimmed B0 field

ap to correct these. Registration to a reference volume or blip-up blip-

own acquisition are alternative methods that aim to solve EPI distor-

ion corrections, and are in principle suited to implement as an alterna-

ive ( Andersson et al., 2003 ) Since the spatial derivative used to obtain

train maps depends on an accurate distance between adjacent voxels,

t is important to correct for EPI distortions before the strain is com-

uted from the displacement fields. Moreover, the different acquisition

rientations also require correct EPI distortion correction, especially as

hey do not all share the same phase encoding direction. Here, it must

e acknowledged that the correction and registration steps used in this

ethod are prone to error propagation due to multiple interpolation

teps. Although we tried to mitigate these effects by linear interpola-

ion on the complex data and limited degrees of deformation freedom

n the groupwise registration, especially the MNI registration may have

nduced additional noise. Furthermore, it should be mentioned that the

roposed technique relied on single-shot 2D acquisitions, that are prone

o blurring in the slice direction due to thickened slices as a result of

mperfect slice profiles. 

In conclusion, the developed single-shot SMS DENSE method is capa-

le of consistently assessing the brain tissue strain tensor on a voxel-wise

evel, despite the amplified noise introduced by the use of spatial deriva-

ives. Through a principle component analysis, we successfully derived

he principal strain directions, and illustrated the Poisson effect in vivo

n brain tissue. Besides, we derived the volumetric strain and octahedral

hear strain. Volumetric strain measurements were consistent with phys-

ological blood volume change and CSF flow through the spinal canal.

hear strain can be interpreted as a metric of inequality of the three

rincipal strains, indicating to what extent an induced volumetric strain

s achieved by equal expansion of the tissue element in all directions.

his novel method provides a tool to visualize and study tissue dynam-

cs that reflect fundamental aspects of both the microvascular function

s well as mechanical properties of tissue and holds potential to serve

or detecting abnormalities in tissue deformation in disease. 
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