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Introduction: Quantification of regional myocardial viscoelastic properties requires an accurate assessment of 
intra-ventricular flow dynamics and ventricular wall mechanics during passive diastolic filling combined with 
a reliable model to compute and fit left ventricular (LV) stress-strain relationships. We have recently reported 
a novel MR technique, SPAMM-PAV1, to simultaneously measure early diastolic LV myocardial strain and 
chamber blood velocity with a high temporal resolution of 15 ms. In this study, we focus on evaluating the 

strain resolution using SPAMM-PAV, and the sensitivity of our 
stress-strain model to quantify Young’s modulus of elasticity (E) 
using a specially designed polyvinyl alcohol (PVA) gel phantom 
set-up, as shown in Fig. 1.  We examine: (1) the sensitivity of 
our method to capture an edge response in strain as a result of a 
sharp change in underlying material properties; and (2) the 
sensitivity to detect changes in E using SPAMM-PAV and a 
thick-shell constitutive model. Methods: Measurements were 
conducted on a 1.5 T Siemens Sonata scanner, with SPAMM-
PAV imaging parameters set as, imaging matrix: 192×192, 
resolution: 1mm×1mm, slice thickness: 8mm, views per cardiac 
phase: 3, tag separation: 8mm, Venc for normal volunteer 
studies was set as 45 cm/s, with the corresponding temporal 
resolution as 17ms. Parallel imaging with accelerating factors of 
4 were set for all studies. The experimental setup described in 
Fig. 1 was used to cyclically expand the gel phantom mimicking 
the beating heart.   
(1) For strain resolution analysis, a gel phantom with a 
typical sized simulated infarct within the wall extending 70% 
transmurally with stiffness 3x greater than surrounding gel, as 

illustrated in Fig. 2a was used.  SPAMM-PAV datasets with complimentarily 
signed tagging modulations were acquired, and a MICSR2 reconstruction was 
applied to eliminate contributions from the dc peak.  Next, transmural strain 
was computed using HARP3 post-processing with varying harmonic filter 
bandwidths (see Fig. 2b), and the edge response in strain was evaluated.    
(2) For stiffness calculations, SPAMM-PAV measurements were 
performed on two Polyvinyl alcohol (PVA) cryogels.  G1 (softer gel) made 
using 1 freeze-thaw cycle, and G2 (stiffer gel) made using 2 freeze-thaw 
cycles.  The pumping cycle was set as 3.92 s for both phantoms, with a trigger 
delay as 2 s.   The trigger pulse coincided with the state of maximum 
expansion i.e. time instant at which pressure sensors record peak pressure, 
while the period of SPAMM-PAV data acquisition coincided with the initial 
gradual expansion of the gel phantom (see Fig. 3).  For any given time instant, 
pressure gradients along the length of the gel was calculated from SPAMM-
PAV chamber velocity measurements using Eulers formula.  It was found that 
the pressure drop between P1 and P2 followed a linear decay function (see Fig. 
4), which was used to compute the pressure within the chamber for the 
acquired axial slice.  Due to the axisymmetric nature and the geometry of the 
cylindrical phantom, the thick-wall constitutive model was used to simplify the 
circumferential wall stress calculation (see Fig. 5a).  HARP strain analysis was 
then used to compute the circumference strain in three layers of the phantom 
(Fig. 5b).  Finally, at the time instant of maximum strain, the circumferential 
component of the Young’s modulus of elasticity tensor for the three layers was 
computed: Ecc=σcc/εcc where σcc and εcc are respectively the circumferential 
stress and strain at that time instant.  Results: (1)  We observe that strain 
resolution is higher with increasing filter bandwidths, and determine that the 

strain edge response is accurately delineated when strain resolution is greater than or equal to 3mm2 (filter 
size=96 or greater).  Our method depicts sensitivity in capturing strain edge responses corresponding to 
change in material property.  (2)  As expected, Ecc values obtained for Gel 2 are larger, depicting higher 
stiffness.  We also observe that a gradient in stiffness from endo-epi layer, with higher stiffness in epicardial 
layer.  This is a result of the transmural temperature gradient that exists during the freeze cycle causing more 
crosslinks of PVA molecules at the outer layer of the wall.  Our method demonstrates not only sensitivity in 
capturing large changes in stiffness between phantoms, but also subtle transmural changes in stiffness 
measurements within each phantom.  Conclusion and Future Work: A dynamic PVA gel phantom setup was 
dedicatedly designed to mimic a beating heart with simplified geometrical complexity and improved dynamic 
control. In future, a larger set of PVA gel phantoms will be used, and robust model calibration using external 
validation will be performed.  References: 1. Zhang Z, et al. ISMRM Cardiovascular Flow, Function and 
Tissue Mechanics conference, Sintra, Portugal, 11-13 Sep, 2009; 2. NessAiver M, et al. Magn Reson Med. 
2003, 50:331. 3 Osman NF, et al. Magn Reson Med. 1999, 42:1048. 

Fig 3. Pressure P1, P2  from the two pressure 
sensors. The profile reach its peaks at the onset 
of external triggers. The process of SPAMM-
PAV measurement are also illustrated. The 
pressure curves of Gel 1 varies in a small 
scale, unlike Gel 2, which experiences a unique 
'rest' stage due to the rapid morphological 
recovery from high stiffness. 

Fig 1. The experimental set-up. A water tube with plastic
ends inserted into a hollow cylindrical gel phantom. A
motor-driven pump is used to drive water through the tube.
A 2-way solenoid valve at the distal end of the tube will be
used to create pressure within the tube which will result in
expansion of the gel phantom. The valve will be controlled
with a timer to mimic a beating heart. Pressure sensors
record inlet and outlet pressures.   

Fig. 2. (a) Phantom cross-sectional image depicting 
simulated stiff infarct. (b) k-space acquisition and (c) 
transmural strain edge response for marked ROI using 
varying filter bandwidths. Sharper response closely 
matching intensity profile observed for filter choice of 96.

Fig. 5. (a) Thick walled cylindrical stress calculation
diagram and formula; (b) Computed circumferential 
strain from HARP. Last frame short axis view was 
examined for stress-strain relationship (c) The calculated 
Ecc for the two PVA gels  G1 and G2.  

Fig.4. (a) a long-axis view of
the gel from CINE, with an
overlay of pressure gradient
map along flow direction. The
value of P1 and P2 are equal to
those at the inlet and outlet of
the gel. (b) From P1 to P2, the
pressure within gel decreases
in linear. A central short axis
view, marked in red box, was
used for stress-strain study. 

Proc. Intl. Soc. Mag. Reson. Med. 19 (2011) 3358


