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Target Audience:  Researchers involved in non-human primate (NHP) basic research, drug discovery research, and pre-clinical animal model development, 

related to cardiovascular and metabolic disease.     
Purpose:  Translational pre-clinical disease models offer a unique framework to evaluate novel 
therapeutics for human diseases.  Specifically, NHPs are increasingly becoming an important 
non-rodent species selected for pre-clinical drug discovery and evaluation due to their 
phylogenetic similarity to humans.  In particular, the identification of robust non-invasive 
functional imaging biomarkers for sensitive early assessment of NHP cardiac remodeling are 
critical to reducing overall costs involved in NHP model development and drug safety/efficacy 
research related to cardiac disease, and is currently grossly lacking in the literature.  Herein, we 
present a study that employs the gold-standard magnetic resonance (MR) tagging method 
combined with phase-contrast (PC) imaging, both optimized for NHP imaging on a 3T MR 
imaging scanner to study systolic and diastolic function in NHP hearts through the quantitation 
of regional cardiac mechanics and intra-cardiac flow.  We also present intra-subject 
reproducibility, inter-subject variability and power analyses in previously established strain and 
flow based biomarkers of early cardiac remodeling, known to precede LV volume changes and 
ejection fraction1,2.  These biomarkers could serve in drug safety/efficacy/pharmacodynamic 
studies of experimental compounds in NHP cardiac models.   
Methods: Animals and Equipment: Eight naïve Vietnamese cynomolgus macaques (weight: 
3.6±0.2 kg (mean±SD)), age: 6±0 years, sex: 7 female, 1 male, anesthetized resting heart rate: 
131±17 bpm were imaged using the 3T Trio MR imaging scanner (Siemens Medical Solutions, 
Erlangen, Germany) housed at Maccine’s facility (Maccine Pte Ltd., Singapore).    Cardiac 
Functional MRI:  SPAMM3 tagging (FOV: 150mm×150mm, imaging matrix: 208×208, slice 
thickness: 4mm, segments: 3, echo spacing: 7.3 ms, bandwidth: ±45KHz, TR/TE: 21.78 
ms/3.39 ms, flip angle: 12°, tag separation: 4 mm) was employed to encode 2-D displacement in 
3 short-axis (SA) slices and 2 long-axis (LA) slices.  PC MR imaging (imaging parameters were 
identical to SPAMM tagging, except for TR/TE: 14.25 ms/4.49 ms, VENC: 100cm/s) was used 
to encode the chamber blood velocity in 2 LA planes with the mitral valve and aortic outflow 
tract in view respectively.  Data Analysis: All data analyses were conducted using in-house 
MATLAB programs.  HARP42 image analysis methods were used to quantify regional 
myocardial displacement from the tagged images.  Regional strain and torsion were then 
computed, and strain-based biomarkers were quantified: peak circumferential and longitudinal 
strain, time-to-peak strain, systolic and diastolic strain-rates, peak torsion, and torsion-rates.  
The average velocity around regions of interest near the mitral valve and the aortic valve were 
computed from the PC MRI datasets, and flow-based biomarkers were quantified: peak aortic 
outflow velocity, peak mitral inflow velocity, and time to peak velocity.  An early diastolic 
combined strain-flow biomarker: time from peak strain to peak mitral inflow velocity (Tps-pm) 
was also quantified.  All animals were imaged twice to obtain test and retest datasets.  Statistical 
analyses were conducted to evaluate intra-subject reproducibility through concordance 
correlation coefficient (CCC) analysis.  Inter-subject mean, standard deviation (SD) and relative 
standard deviations (RSD) were also calculated within the imaged cohort.  Finally, prospective 
power analysis was conducted to estimate the minimum sample size needed to achieve 80% 
power for a 20% change at a P<0.05 level using a two-tailed t-test.     
Results and Discussion: NHP cardiac function closely resembles published results observed in 
humans5,6 (Fig. 1).  Systole. Circumferential and longitudinal LV shortening initiates early 
systolic pumping until peak aortic outflow (48.9±4.4 cm/s (mean±SD)) is achieved (Fig. 1e).  
Base-apex torsion (peak torsion of -4.4±1.9 degrees) dominates late pumping (Fig. 1f).  Peak 
circumferential shortening during end-systole was higher at the apex as compared to the base (-
19.1±2.7 % at the apex, -19±2.9 % at the mid-ventricular slice, and -15.2±2.8 % at the base), 
while peak longitudinal strain was on average higher at the base (-14.7±3.4 % at the apex, -
14.9±2.5 % at the mid-ventricular slice, and -15.7±2.8 % at the base) (Fig. 1a&d).   On average, 
peak aortic outflow occurred at around 20% into the cardiac cycle when about 30% of torsion 
and about 50% of circumferential strain had been completed.  Diastole. Early diastolic filling is 
initiated by LV untwist and strain relaxation, until peak mitral inflow velocity (-31.1±2.4 cm/s) 
is achieved (Fig. 1e&f).  On average, peak mitral inflow occurred at around 70% into the 
cardiac cycle when about 45% of untwist and 65% of circumferential expansion had been 
completed.  We hypothesize that late diastolic filling during atrial kick involves considerable 
untwisting to achieve complete relaxation.   Statistics. Good intra-subject reproducibility was 
observed for all strain-based biomarkers (CCC in the range of 0.73-0.95), peak mitral inflow 
velocity (CCC=0.75), and for Tps-pm (CCC=0.91) (Table 1).  Inter-subject variability was higher 
for strain-rate biomarkers (Table 2).  Power analysis calculations revealed that sample size of 
<25 are required to achieve 80% power for a 20% change in the least reproducible of the 
evaluated functional biomarkers (Table 2).  
Conclusion: In conclusion, we have characterized cardiac function in NHPs using MR imaging.  

The evaluated functional biomarkers may provide imaging phenotypes in NHP models of cardiac disease and afford translatable non-invasive early markers of 
cardiac remodeling for preclinical longitudinal investigation of therapeutic responses.   
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Figure1 NHP Cardiac Function Characterization. 
Representative end-systolic (a) circumferential strain (CS) and 
velocity maps depicting (b) aortic outflow, and (c) mitral 
inflow. (d) Time-curves for LV torsion, LV CS and composite 
velocity.  Solid lines-mean, error bars-SD. Temporal inter-
relationships are depicted in the partial loops (e) CS vs 
velocity & (f) torsion vs velocity.     
 Table 1.  Intra-subject reproducibility (CCC analysis) for 
strain and flow based biomarkers measured in the NHPs. 

 
Table 2.  Inter-subject reproducibility within the NHP cohort.  
(mean, SD, RSD, minimum sample size calculations). 
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