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Introduction: The availability of a human-like chronic heart failure (HF) animal model was critical for affiliating development of novel therapeutic drug treatments. With the close physiology relatedness to humans, the non-human primate (NHP) HF model would be valuable to better understand the pathophysiology and pharmacology of HF. The purpose of this work was to present preliminary cardiac image findings using echocardiography and cardiovascular magnetic resonance (CMR) in a HF-like cynomolgus macaque model.



Methods: The NHP diet-induced model developed cardiac phenotypes that exhibited diastolic dysfunction with reduced left ventricular ejection fraction (LVEF) or preserved LVEF. Twenty cynomolgus monkeys with cardiac dysfunction were selected by echocardiography and subsequently separated into two groups, LVEF < 65% (termed as HFrEF, n = 10) and LVEF ≥ 65% with diastolic dysfunction (termed as HFpEF, n = 10). Another group of ten healthy monkeys was used as the healthy control. All monkeys underwent a CMR study to measure global longitudinal strain (GLS), myocardial extracellular volume (ECV), and late gadolinium enhancement (LGE). In healthy controls and HFpEF group, quantitative perfusion imaging scans at rest and under dobutamine stress were performed and myocardial perfusion reserve (MPR) was subsequently obtained.



Results: No LGE was observed in any monkey. Monkeys with HF-like features were significantly older, compared to the healthy control group. There were significant differences among the three groups in ECV (20.79 ± 3.65% in healthy controls; 27.06 ± 3.37% in HFpEF group, and 31.11 ± 4.50% in HFrEFgroup, p < 0.001), as well as for stress perfusion (2.40 ± 0.34 ml/min/g in healthy controls vs. 1.28 ± 0.24 ml/min/g in HFpEF group, p < 0.01) and corresponding MPR (1.83 ± 0.3 vs. 1.35 ± 0.29, p < 0.01). After adjusting for age, ECV (p = 0.01) and MPR (p = 0.048) still showed significant differences among the three groups.



Conclusion: Our preliminary imaging findings demonstrated cardiac dysfunction, elevated ECV, and/or reduced MPR in this HF-like NHP model. This pilot study laid the foundation for further mechanistic research and the development of a drug testing platform for distinct HF pathophysiology.
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Introduction

Heart failure (HF), with either reduced (HFrEF) or preserved ejection fraction (HFpEF), is an increasingly prevalent condition affecting over 64 million people worldwide (1). Typical symptoms and signs may not be present in the early stages of HF, especially in HFpEF. Few interventions have been shown to significantly impact survival in patients with HF (2, 3). Even the most effective treatments only slow the progression of the disease without providing long-term survival benefits and have significant adverse side effects (4). Thus, it is an irrefutable need to investigate the pathophysiology of the disease and to develop more effective medical treatments (5).

Animal models have played a significant role in the development of putative treatments. For translational applications, there was a strong need for continuous improvement of clinically relevant large animal models, especially in human-like primates. Although several other large animal models of HF have been reported recently, few of them have been able to achieve satisfaction in replicating the pathophysiological state of human HF (6). A lack of preclinical models of HF in non-human primates (NHP) was one of the main barriers to developing novel effective treatments for HF (7). In comparison to rodents, the NHP model mimicked human pathophysiology and could be outfitted with more comprehensive imaging and sampling protocols, providing a better understanding of the pathophysiology and pharmacology in drug development. To date, several NHP models of metabolic dysfunction have been reported, with all of them focusing on diastolic function (8–10). A NHP model that mimics HF features was recently developed by Kunming Bio-med International (KBI). The purpose of this preliminary study was to characterize the cynomolgus monkey model with HF-like features that closely approximate the adult human HF phenotype. Both echocardiography and cardiovascular magnetic resonance (CMR) were used to non-invasively assess these features.



Methods


Animal model

The HF-like model was induced by a high-fat diet. Male monkeys were divided into the HF group and the Healthy group. Both groups were supplied with 100 g of a normal diet for breakfast, and 150 g of fruit for lunch every day. A high-fat diet feeding was arranged at dinner, where the HF group was fed 100 g of a high-fat diet and the control group was provided with 100 g of a normal diet. The two diets have been formulated as follows: (1) High-fat diet: Carbohydrate 58.6 g/100 g; Energy 418 kcal/100 g (including protein, fiber, and minerals), Vitamin B12: 47.1 μg/100. Fat: 15% of the diet. (2) Normal diet: Carboydrate 58.3 g/100 g; Energy 363 kcal/100 g (including protein, fiber, and minerals), Vitamin B12: 109 μg/100. Fat: 4.8% of the diet. The main component of fat was lard, which was mainly composed of saturated fatty acids and cholesterol. During the diet-induced period, echocardiography screening was conducted and the modeling was considered to be complete when the diagnostic criteria for HFpEF or HFrEF were met. Subsequently, a CMR examination was conducted to further characterize the myocardial tissue in these monkeys.

Twenty monkeys with cardiac dysfunction based on echocardiogram were identified as the HF-like group. These monkeys were further classified into two groups: EF ≥ 65% with diastolic dysfunction as HF with preserved EF (termed as the HFpEF group). Diastolic dysfunction was determined if at least two echocardiography criteria were met: (1) E′/A′ or E/A ratio < 0.8 or >3; (2) septal E′ < 7 (cm/sec); (3) E/E′ ratio > 10. Ejection fraction (EF) < 65% as HF with reduced EF (termed as the HFrEF group). Additionally, 10 normal cynomolgus monkeys on a regular diet were included as the healthy control group. The animal model selection process was illustrated in Figure 1.


[image: Figure 1]
FIGURE 1
Flow chart of animal model establishment and evaluation.


The monkeys were maintained according to guidance of National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Association for Assessment and Accreditation of Laboratory Animal Care. All experimental protocols were reviewed and approved by the Experimental Animal Ethics Committee of KBI.



Serum biochemistry measurements

A peripheral blood sample was collected for serum biochemistry and hematocrit measurements prior to an echocardiogram and CMR examination.



Echocardiography

Transthoracic echocardiography was performed using a standard protocol with a diagnostic ultrasound system (Mindray M9CV, China) (11). All monkeys were first placed in a dorsal decubitus position and sedated with propofol at 4–10 mg/kg/h intravenously. Following the recommendations of the American Society of Echocardiography, all echocardiographic images from three or more consecutive cardiac cycles were digitally stored for offline analysis. Pulsed-wave Doppler measurements were conducted to record the velocity of blood flow at the mitral diastolic inflow, which was located at the level of the mitral leaflet tips, as seen from the apical 4-chamber view. The mitral early diastolic peak velocity of the E wave, the late peak velocity of the A wave, and the E/A ratio were recorded and registered by standard echocardiography. To measure the EF value, conventional M-mode Doppler ultrasound was used to acquire real-time two-dimensional targeted echocardiograms of the left ventricle's minor axis at the papillary muscle level. Tissue Doppler imaging was employed from the apical four-chamber view at the septal side of the mitral annulus. Early (E′) and late (A′) diastolic mitral annulus peak velocities and the ratio of early to late peak velocities (E′/A′) were then obtained.



CMR acquisition

The CMR examinations were performed in a 1.5T scanner (Magnetom Aera, Siemens Healthcare) with a body phase-array and spine coils on the scanning table as the signal receivers. All monkeys underwent CMR with the following imaging protocol: (1) cine imaging along 2-, 3-, and 4-chamber views; (2) pre- and post-contrast T1 mapping; and (3) late gadolinium enhancement (LGE) on one mid-short-axis slice. Additionally, both in the HFpEF group and the healthy control group, first-pass perfusion imaging scans at rest and under dobutamine stress were performed to quantitatively evaluate myocardial perfusion and perfusion reserve. The perfusion examination was not carried out in monkeys with HFrEF for safety reasons. Figure 2 shows the CMR procedures in monkeys with perfusion imaging.
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FIGURE 2
CMR imaging protocol in monkeys with dobutamine perfusion involved.


For each perfusion imaging, a double-bolus method was adopted: a 0.01 mmol/kg and 0.09 mmol/kg MRI contrast agents were administrated (Gadoteric Acid Meglumine, HENRUI Healthcare) with a flow rate of 1 ml/s and flushed with 10 ml of saline at the same flow rate. The monkey was held in breath-holding by briefly stopping airflow through the tracheal tube for the initial 15 s of the perfusion scan and then resumed normal breathing. To induce dobutamine stress, dobutamine was titrated at 5 μg/kg/min increments every 3 min until a maximum of 40 μg/kg/min was reached, or until the heart rate (HR) reached at least 25% higher than the resting HR, followed by stress perfusion imaging.

For myocardial native T1 measurements, mid ventricular short-axis images were acquired by the modified Look-Locker inversion recovery (MOLLI) 5(3)3 acquisition scheme sequence after local shimming. Post-contrast MOLLI T1-mapping was performed 15–20 min after the administration of Gd-DTPA, using a MOLLI 4(1)3(1)2 acquisition scheme sequence on the same short-axis location. This study has adjusted the parameters of the T1 mapping sequence to adapt to a relatively high heart rate in monkeys (∼150 beats per min), by increasing the number of recovery heartbeats between two groups of T1-weighted data acquisitions. The LGE scan was performed approximately 15 min after the injection of the contrast agent, followed by the rest of the perfusion imaging. All imaging parameters are shown in Table 1.


TABLE 1 CMR imaging parameters.

[image: Table 1]



Image and data analysis

Myocardial global longitudinal strains (GLS) were calculated using a commercial Medis software (Medis Medical Imaging, Leiden, the Netherlands), using 2-, 3-, and 4-chamber cine images. Myocardial extracellular volume (ECV) of the mid slice was calculated from the pre- and post-contrast T1 values with the hematocrit obtained from the serum (12). A custom-made software written in MATLAB (MathWorks, Natick, MA) was used to create ECV maps. Then the global ECV value was obtained by drawing a ROI on the entire myocardial region of the left ventricle of the ECV map of the middle short-axis slice. Myocardial perfusion was quantified using a custom-made software with the Fermi-deconvolution method, and perfusion maps on a pixel-by-pixel basis were created (13, 14). In the HFpEF group and the healthy control group, myocardial perfusion reserve (MPR) was calculated as the ratio of perfusion during the dobutamine stress to perfusion at rest. All MRI data were analyzed by two experienced radiologists (X.L., J.Z.) blinded to the echocardiography to achieve consensus for final quantitative measurements.



Statistical analysis

The data was presented as the mean ± SD. Comparisons of CMR parameters and echocardiographic parameters among the three groups were performed using one-way ANOVA. Correlations among ECV, MPR, GLS, and LVEF were performed with a linear regression. An analysis of covariance and partial correlation was used for the age adjustment. In addition, the diagnostic efficacy of ECV for different groups of monkeys was assessed by a nonparametric receiver operating characteristic (ROC) curve. The cutoff values were determined based on the Youden index, and the areas under the curves (AUCs) were obtained. A p-value of less than 0.05 indicates statistical significance. Statistical analysis was performed using SPSS (Version 22, IBM) and MedCalc (Version 18, MedCalc).




Results


Demographic and metabolic profile

The basic demographic and metabolic profile of all monkeys was listed in Table 2. Compared to the healthy controls, the monkeys with HF were significantly older, and the two phenotypes of monkeys were all selected from many monkeys with high-fat diets, without any difference in diet, age, or diet intervention. Therefore, it appeared that two phenotypes had been developed naturally. The HbA1c percentage, LDL, and CHO level in the HF-like group were significantly higher than those in the healthy control group. (8.79 ± 4.31 vs. 5.58 ± 4.40, p = 0.01 for HbA1c%; 6.91 ± 4.81 vs. 3.84 ± 2.32 for CHO, p = 0.04; 4.54 ± 1.80 vs. 2.54 ± 1.90 for LDL p = 0.01). A HbA1c (%) level greater than 4.5% was considered as diabetes in monkeys (15). In our cohorts, the incidence of diabetes was 80% in the HFpEF group and 60% in the HFrEF group.


TABLE 2 Demographic and metabolic information of three groups of monkeys.
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Echocardiography findings

M-mode Doppler ultrasound was used to measure the left ventricular contractile capacity. There was no significant difference in LVEF between the healthy control and the HFpEF groups. However, the LVEF value of the HFrEF group decreased significantly, which was similar to that of human patients with systolic dysfunction. A decreasing E′/A′ or E/A ratio and low E′ velocity was the typical echocardiography finding with diastolic dysfunction (Table 3). Pulse Doppler for E, A peak measurement were shown in Figure 3.


TABLE 3 Echocardiography and CMR results.
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FIGURE 3
Representative pulsed-wave Doppler images of mitral inflow in three groups of cynomolgus monkeys. (A–C) shows the measurement location and the (E,F) display the E and A peaks of each group.




Cardiac magnetic resonance findings

Table 3 lists LV function measured by echocardiography and CMR parameters (GLS, ECV, and perfusion) in the three groups of monkeys, clearly showing the differences in typical CMR biomarkers between the HF-like and healthy control groups. A decrease in cardiac function was associated with an increase in GLS (%) and ECV (%). There were significant differences in myocardial global ECV among the three groups (p < 0.001, padjusted-age = 0.001), stress perfusion (p = 0.018, padjusted-age = 0.123), and MPR (p = 0.011, padjusted-age = 0.048). It was noteworthy that the age-adjusted ECV values were still statistically significant between the HFpEF and HFrEF groups, although they were no longer significantly different from the ECV of the healthy control group. The ECV correlated negatively with myocardial GLS (r = 0.67, p = 0.001), LVEF (r = 0.45, p = 0.03), E’/A’ (r = 0.60, p = 0.003), E’ (r = 0.57, p = 0.005), and E/A (r = 0.61, p = 0.002). After the adjustment for age, the myocardial global ECV was only found to be negatively correlated with LVEF (r = −0.69, p < 0.001). There was no LGE observed in any monkeys. The ECV exhibited apparent distinctions not only between the HF-like group and the healthy group (AUC = 0.937, p < 0.001), but also between the HFrEF group and the HFpEF group (AUC = 0.800, p = 0.005) (Figure 4). Figure 5 showed examples of ECV and MPR maps in three groups of monkeys.


[image: Figure 4]
FIGURE 4
Receiver operating characteristic curves for extracellular volume fraction in heart failure. (A) Differentiation between heart failure group and healthy group. (B) Differentiation between HFpEF group and HFrEF group. HFpEF, Heart failure with preserved ejection fraction; HFrEF, Heart failure with reduced ejection fraction.
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FIGURE 5
Top row: ECV maps of healthy (A), HFpEF (B), and HFrEF (C) Both global ECV and LV ejection fraction (LVEF) are listed. Bottom row: quantitative myocardial perfusion maps in a healthy monkey at rest (D) and during dobutamine (E), as well as a perfusion map of a monkey with HFpEF during dobutamine stress (F) The global perfusion values within enclosed myocardial regions are 0.93, 2.40, 1.44 ml/min/g, respectively. RV, right ventricle; LV, left ventricle. The color bar unit in bottom row is ml/min/g.





Discussion

In this study, the utilization of a high-fat diet to induce lipid metabolism disorder was employed to create a chronic HF-like NHP model. Our preliminary imaging findings showed HF-like features in the cardiac structure, function, and tissue characterization in these monkeys with both preserved and reduced EF. Diastolic dysfunction was clearly demonstrated by echocardiography, whereas the diffuse fibrosis (ECV) and perfusion determined by CMR exhibited similar abnormalities demonstrated in human patients with HF. The outcome of this research indicates that hyperlipidemia induced metabolic disorder could be a viable means for creating a HF-like NHP model. The use of the non-invasive CMR approach allows a reliable and sensitive assessment of myocardial tissue composition and perfusion. The current study thus may lay a solid foundation for building a HF-like NHP model for novel drug development and mechanism research in the future.

The most prevalent large animal HF models were dogs, pigs, sheep, cows, and NHPs (16–18). Several techniques were widely used to create heart failure according to the HF risk factors, including rapid cardiac pacing, coronary artery embolization, volume overload, pressure overload, hypertension, and metabolic pathway (diabetic/obesity) et al. (6). Although the metabolic pathway model cost more and took a longer time to develop, it was likely to better replicate the pathological progression of the HF disease. Obesity was an independent risk factor for the development of HF (19). Type 2 diabetes was an independent mortality predictor across all heart failure and the prevalence of diabetes in patients with heart failure ranges from approximately 25%–40% in humans (20, 21). The incidence rate of diabetes in the HF-like group of monkeys was apparently much higher than in human research, possibly due to the small sample size and the specific high-fat diet.

High-fat diet NHP models have been reported previously, in which increased oxygen consumption and/or cardiac contractile dysfunction was observed, along with increased expression of proinflammatory cytokines and altered phosphorylation of intracellular signaling proteins in myocardial tissue (22, 23). The cardiac structure, function, and myocardial fibrosis were investigated in studies with similar NHP models (15, 24). The current study, for the first time, provided quantitative information about the cardiac perfusion in this HF-like NHP model and the difference in the diffuse fibrosis content between the HFpEF and HFrEF groups.

The utilization of Doppler ultrasound has enabled the measurement of both E/E′ and E/A in various animal studies. The normal ranges for these parameters differ among animal species, with E/E′ typically ranging from 10 to 16 and E/A ranging from 1 to 2.5 (25–27). At present, there was no recognized heart failure threshold in the monkey model. We selected monkeys with diastolic dysfunction when at least two criteria were satisfied, which was developed based on our experience with monkey models. The reduced LVEF was defined as LVEF < 65% in cynomolgus monkeys, whereas healthy monkeys usually have LVEF ≥ 65%, which was apparently higher than the LVEF of healthy rhesus monkeys (∼57%) (15).

Multiple heart failure guidelines have given their approval for the use of CMR imaging in the diagnosis of heart failure (28, 29). The expansion of the extracellular matrix in the myocardium was a significant pathophysiological anomaly that was believed to be a primary contributor to the progression of HF (30). Previous studies have found that fibrosis index ECV correlated with diastolic dysfunction grades and adverse outcomes (31). In Rommel's study, 29 patients with HFpEF exhibited higher ECV compared to 12 controls without heart failure symptoms (32). In our study, ECV in monkeys with HFrEF was significantly higher than that in the healthy controls or in monkeys with HFpEF. The results matched well with ECV findings of diffuse fibrosis in patient studies, e.g., 27.8 ± 4.6% in HFpEF and 29.55 ± 1.45% in HFrEF (33, 34). Our average ECV in cynomolgus monkeys with HFpEF fell in the range of ECV reported in rhesus monkeys with HFpEF (26%–29%) (15).

It was noted that the ages were significantly different between the healthy and HF-like groups in this pilot study, even though all the subjects were adult monkeys (the rate of aging ratio of human to cynomolgus monkey years was approximately 1:4). There were conflicting reports about how age affects myocardial ECV (35, 36). This study would like to use the most healthy group, the young adult group, to determine the levels of elevated ECV in the HF-like groups. After adjusting for age in statistical analysis, the global ECV still showed a gradually increasing trend from healthy controls to HF-like monkeys. Furthermore, there was a statistically significant difference in global ECV values between the HFpEF and HFrEF groups. Age has been shown to play a significant role in the development of heart dysfunction (37). HFrEF prevalence strongly decreased whereas that of HFpEF strongly increased with aging (38). This was in line with our observation that monkeys in the HFpEF group with lower ECV values were older than those in the HFrEF group with higher ECV values. This also suggested that the difference in ECV values between two HF-like groups was largely due to the heart dysfunction itself. Future studies with more subjects were needed to define the age impacts.

Myocardial perfusion abnormality was highly prevalent in patients with HFpEF and was an independent factor of prognosis (39–41). Our perfusion measurements revealed similar perfusion features as in other studies in large animals and human patients, i.e., MPR was significantly lower in monkeys with HFpEF, compared to healthy controls (Table 3). For example, a study in a porcine model of HFpEF showed a reduced global myocardial perfusion reserve of 1.5 ± 0.4 with dobutamine stress (40, 42). In human studies, a reduced MPR was 1.74 ± 0.76 in patients with HFpEF, in comparison with 2.22 ± 0.76 in healthy controls with adenosine vasodilation (40). It is thus reasonable to assume that both diffuse fibrosis and impaired myocardial perfusion would be therapeutic targets in our HF-like NHP model.

There were several limitations in the present study. First, we have not conducted a comprehensive measurement of serum biomarkers, including BNP and NT-proBNP, as there was no suitable test kit for the monkey (43). This is an ongoing study with more innovative kits being tested. Second, the number of monkeys, especially monkeys with HF-like features, was limited. No reproducibility study was conducted since the imaging techniques used in this study were all well-established in the medical field. Third, an exercise intolerance test was not conducted in this pilot study. CMR functional scans were not performed to shorten the imaging time as much as possible without compromising the primary goal of this study, i.e., myocardial tissue characterization. Nevertheless, this preliminary study encouraged further expansion of this HF-like NHP model for more comprehensive phenotyping and imaging assessments. Finally, the histopathological assessment would provide a reference for validating the image findings. However, due to ethical and cost considerations, this study did not sacrifice any animals for tissue analysis. An alternative procedure could be done in the future using the biopsy approach.



Conclusions

In this preliminary imaging study, a HF-like NHP model recapitulates major cardiac features of myocardial function, tissue characterization, and perfusion in human patients with preserved and reduced EF. While this HF-like NHP model needs more comprehensive assessments, the current image results will certainly serve as a stepping stone for further mechanistic research and the development of a drug testing platform for distinct HF pathophysiologies.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.



Ethics statement

The animal study was reviewed and approved by The Kunming Biomed International of TriApex Group. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

G-ZW, JZ, and LL: Conceptualization, Project administration, Funding acquisition, Supervision, Writing-review & editing. X-LL, and JZ: Data curation, Data analysis, Writing-original draft, Supervision, Statistical analysis. G-ZW, M-PR, DF, and JZ: Completed the data collection CMR, Echocardiography, Serum biochemistry measurements). Z-HZ, RP, TW, and L-CY: Animal model establishment and animal care, Review and editing. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Yunnan “Ten thousand people plan” famous doctor special project [grant number: YNWR-MY-2019-011] and the clinical medical center open project of the first People's hospital of Yunnan province [grant number: 2022LCZXKF-HX06].



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Groenewegen A, Rutten FH, Mosterd A, Hoes AW. Epidemiology of heart failure. Eur J Heart Fail. (2020) 22:1342–56. doi: 10.1002/ejhf.1858

2. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE, Drazner MH, et al. 2013 ACCF/AHA guideline for the management of heart failure: a report of the American college of cardiology foundation/American heart association task force on practice guidelines. J Am Coll Cardiol. (2013) 62:e147–239. doi: 10.1161/CIR.0b013e31829e8776

3. McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, Böhm M, Dickstein K, et al. ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure 2012: the task force for the diagnosis and treatment of acute and chronic heart failure 2012 of the European society of cardiology. Developed in collaboration with the Heart failure association (HFA) of the ESC. Eur J Heart Fail. (2012) 14:803–69. doi: 10.1093/eurheartj/ehs104

4. Lam CSP, Gamble GD, Ling LH, Sim D, Leong KTG, Yeo PSD, et al. Mortality associated with heart failure with preserved vs. reduced ejection fraction in a prospective international multi-ethnic cohort study. Eur Heart J. (2018) 39:1770–80. doi: 10.1093/eurheartj/ehy005

5. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha MJ, et al. Heart disease and stroke statistics–2014 update: a report from the American heart association. Circulation. (2014) 129:e28–292. doi: 10.1161/01.cir.0000441139.02102.80

6. Charles CJ, Rademaker MT, Scott NJA, Richards AM. Large animal models of heart failure: reduced vs. preserved ejection fraction. Animals (Basel). (2020) 10:840–56. doi: 10.3390/ani10101906

7. Roh J, Houstis N, Rosenzweig A. Why don’t we have proven treatments for HFpEF? Circ Res. (2017) 120:1243–5. doi: 10.1161/CIRCRESAHA.116.310119

8. Qian C, Gong L, Yang Z, Chen W, Chen Y, Xu Z, et al. Diastolic dysfunction in spontaneous type 2 diabetes rhesus monkeys: a study using echocardiography and magnetic resonance imaging. BMC Cardiovasc Disord. (2015) 15:59. doi: 10.1186/s12872-015-0046-9

9. Wikstrom J, Liu Y, Whatling C, Gan LM, Konings P, Mao B, et al. Diastolic dysfunction and impaired cardiac output reserve in dysmetabolic nonhuman primate with proteinuria. Diabetes Complications. (2021) 35:107881. doi: 10.1016/j.jdiacomp.2021.107881

10. Zhen N, Loo SJ, Su LP, Tao ZH, Gui F, Luo JH, et al. A diastolic dysfunction model in non-human primates with transverse aortic constriction. Exp Anim Tokyo. (2021) 70:498–507. doi: 10.1538/expanim.21-0050

11. Mitchell C, Rahko PS, Blauwet LA, Canaday B, Finstuen JA, Foster MC, et al. Guidelines for performing a comprehensive transthoracic echocardiographic examination in adults: recommendations from the American society of echocardiography. J Am Soc Echocardiogr. (2019) 32:1–64. doi: 10.1016/j.echo.2018.06.004

12. Kellman P, Hansen MS. T1-mapping in the heart: accuracy and precision. J Cardiovasc Magn Reson. (2014) 16:2. doi: 10.1186/1532-429X-16-2

13. Jerosch-Herold M, Muehling O, Wilke N. MRI of myocardial perfusion. Semin Ultrasound CT MR. (2006) 27:2–10. doi: 10.1053/j.sult.2005.10.001

14. Goldstein TA, Jerosch-Herold M, Misselwitz B, Zhang H, Gropler RJ, Zheng J. Fast mapping of myocardial blood flow with MR first-pass perfusion imaging. Magnet Reson Med. (2008) 59:1394–400. doi: 10.1002/mrm.21559

15. Zhang Y, Zeng W, Chen W, Chen Y, Zhu T, Sun J, et al. MR extracellular volume mapping and non-contrast T1ρ mapping allow early detection of myocardial fibrosis in diabetic monkeys. Eur Radiol. (2019) 29:3006–16. doi: 10.1007/s00330-018-5950-9

16. Li X, Tan W, Li X, Zheng S, Zhang X, Chen H, et al. A surgical model of heart failure with preserved ejection fraction in Tibetan minipigs. J Vis Exp. (2022) 32:238–50. doi: 10.3791/63526

17. Yoshimura A, Ohmori T, Hirao D, Kishimoto M, Iwanaga T, Miura N, et al. Protective effect on pancreatic acinar cell by maintaining cardiac output in canine heart failure model with decreased pancreatic blood flow. Front Vet Sci. (2022) 9:925847. doi: 10.3389/fvets.2022.925847

18. Miyagi C, Miyamoto T, Kuroda T, Karimov JH, Starling RC, Fukamachi K. Large animal models of heart failure with preserved ejection fraction. Heart Fail Rev. (2022) 27:595–608. doi: 10.1007/s10741-021-10184-9

19. Kenchaiah S, Evans JC, Levy D, Wilson PW, Benjamin EJ, Larson MG, et al. Obesity and the risk of heart failure. N Engl J Med. (2002) 347:305–13. doi: 10.1056/NEJMoa020245

20. Matsue Y, Suzuki M, Nakamura R, Abe M, Ono M, Yoshida S, et al. Prevalence and prognostic implications of pre-diabetic state in patients with heart failure. Circ J. (2011) 75:2833–9. doi: 10.1253/circj.CJ-11-0754

21. Johansson I, Dahlström U, Edner M, Näsman P, Rydén L, Norhammar A. Type 2 diabetes and heart failure: characteristics and prognosis in preserved, mid-range and reduced ventricular function. Diab Vasc Dis Res. (2018) 15:494–503. doi: 10.1177/1479164118794619

22. Zheng S, Tan W, Li X, Li B, Gong B, Pyle WG, et al. Aged monkeys fed a high-fat/high-sugar diet recapitulate metabolic disorders and cardiac Contractile dysfunction. J Cardiovasc Transl. (2021) 14:799–815. doi: 10.1007/s12265-021-10105-z

23. Charnock JS, McLennan PL, McIntosh GH, Barnden LR, Buttfield IH. Radionuclide angiographic study of the influence of dietary lipid supplements on cardiac function in the marmoset (Callithrix jacchus). Cardiovasc Res. (1987) 21:369–76. doi: 10.1093/cvr/21.5.369

24. Zhu T, Zeng W, Chen Y, Zhang Y, Sun J, Liang Z, et al. 2D/3D CMR tissue tracking versus CMR tagging in the assessment of spontaneous T2DM rhesus monkeys with isolated diastolic dysfunction. BMC Med Imaging. (2018) 18:47. doi: 10.1186/s12880-018-0288-y

25. Horgan S, Watson C, Glezeva N, Baugh J. Murine models of diastolic dysfunction and heart failure with preserved ejection fraction. J Card Fail. (2014) 20:984–95. doi: 10.1016/j.cardfail.2014.09.001

26. Lee SW, Park MC, Park YB, Lee SK. E/E’ ratio is more sensitive than E/A ratio for detection of left ventricular diastolic dysfunction in systemic lupus erythematosus. Lupus. (2008) 17:195–201. doi: 10.1177/0961203307087303

27. Tang HL, Wang LL, Cheng G, Wang L, Li S. Evaluation of the cardiovascular function of older adult rhesus monkeys by ultrasonography. J Med Primatol. (2008) 37:101–8. doi: 10.1111/j.1600-0684.2007.00249.x

28. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, et al. 2016 ESC guidelines for the diagnosis and treatment of acute and chronic heart failure: the task force for the diagnosis and treatment of acute and chronic heart failure of the European society of cardiology (ESC) developed with the special contribution of the heart failure association (HFA) of the ESC. Eur Heart J. (2016) 37:2129–200. doi: 10.1093/eurheartj/ehw128

29. Patel MR, White RD, Abbara S, Bluemke DA, Herfkens RJ, Picard M, et al. 2013 ACCF/ACR/ASE/ASNC/SCCT/SCMR appropriate utilization of cardiovascular imaging in heart failure: a joint report of the American college of radiology appropriateness criteria committee and the American college of cardiology foundation appropriate use criteria task force. J Am Coll Cardiol. (2013) 61:2207–31. doi: 10.1016/j.jacc.2013.02.005

30. Jia G, DeMarco VG, Sowers JR. Insulin resistance and hyperinsulinaemia in diabetic cardiomyopathy. Nat Rev Endocrinol. (2016) 12:144–53. doi: 10.1038/nrendo.2015.216

31. Su MY, Lin LY, Tseng YH, Chang CC, Wu CK, Lin JL, et al. CMR-verified diffuse myocardial fibrosis is associated with diastolic dysfunction in HFpEF. JACC Cardiovasc Imaging. (2014) 7:991–7. doi: 10.1016/j.jcmg.2014.04.022

32. Rommel KP, von Roeder M, Latuscynski K, Oberueck C, Blazek S, Fengler K, et al. Extracellular volume fraction for characterization of patients with heart failure and preserved ejection fraction. J Am Coll Cardiol. (2016) 67:1815–25. doi: 10.1016/j.jacc.2016.02.018

33. Kanagala P, Cheng ASH, Singh A, Khan JN, Gulsin GS, Patel P, et al. Relationship between focal and diffuse fibrosis assessed by CMR and clinical outcomes in heart failure with preserved ejection fraction. JACC Cardiovasc Imaging. (2019) 12:2291–301. doi: 10.1016/j.jcmg.2018.11.031

34. Li F, Xu M, Fan Y, Wang Y, Song Y, Cui X, et al. Diffuse myocardial fibrosis and the prognosis of heart failure with reduced ejection fraction in Chinese patients: a cohort study. Int J Cardiovasc Imaging. (2020) 36:671–89. doi: 10.1007/s10554-019-01752-0

35. Rosmini S, Bulluck H, Captur G, Treibel TA, Abdel-Gadir A, Bhuva AN, et al. Myocardial native T1 and extracellular volume with healthy ageing and gender. Eur Heart J Cardiovasc Imaging. (2018) 19:615–21. doi: 10.1093/ehjci/jey034

36. Dong Y, Yang D, Han Y, Cheng W, Sun J, Wan K, et al. Age and gender impact the measurement of myocardial interstitial fibrosis in a healthy adult Chinese population: a cardiac magnetic resonance study. Front Physiol. (2018) 9:140. doi: 10.3389/fphys.2018.00140

37. Poggioli T, Vujic A, Yang P, Macias-Trevino C, Uygur A, Loffredo FS, et al. Circulating growth differentiation factor 11/8 levels decline with age. Circ Res. (2016) 118:29–37. doi: 10.1161/CIRCRESAHA.115.307521

38. Chen X, Savarese G, Dahlström U, Lund LH, Fu M. Age-dependent differences in clinical phenotype and prognosis in heart failure with mid-range ejection compared with heart failure with reduced or preserved ejection fraction. Clin Res Cardiol. (2019) 108:1394–405. doi: 10.1007/s00392-019-01477-z

39. Aldiwani H, Nelson MD, Sharif B, Wei J, Samuel TJ, Suppogu N, et al. Reduced myocardial perfusion is common among subjects with ischemia and no obstructive coronary artery disease and heart failure with preserved ejection fraction: a report from the WISE-CVD continuation study. Vessel Plus. (2022) 6:148–69. doi: 10.20517/2574-1209.2021.103

40. Arnold JR, Kanagala P, Budgeon CA, Jerosch-Herold M, Gulsin GS, Singh A, et al. Prevalence and prognostic significance of microvascular dysfunction in heart failure with preserved ejection fraction. JACC Cardiovasc Imaging. (2022) 15:1001–11. doi: 10.1016/j.jcmg.2021.11.022

41. Rush CJ, Berry C, Oldroyd KG, Rocchiccioli JP, Lindsay MM, Touyz RM, et al. Prevalence of coronary artery disease and coronary microvascular dysfunction in patients with heart failure with preserved ejection fraction. JAMA Cardiol. (2021) 6:1130–43. doi: 10.1001/jamacardio.2021.1825

42. Reiter U, Reiter G, Manninger M, Adelsmayr G, Schipke J, Alogna A, et al. Early-stage heart failure with preserved ejection fraction in the pig: a cardiovascular magnetic resonance study. J Cardiovasc Magn Reson. (2016) 18:63. doi: 10.1186/s12968-016-0283-9

43. Jarolim P. Serum biomarkers for heart failure. Cardiovasc Pathol. (2006) 15:144–9. doi: 10.1016/j.carpath.2006.01.001



OPS/images/fcvm-10-1214249-g005.jpg
LVEF = 73.3% IVEF =728 LVEF = 38.9%

c

hf





OPS/images/fcvm-10-1214249-g004.jpg
A HF group vs Healthy group B

HFpEF group vs HFrEF group

Sensitivity(%)

0 20 40 60 80 100
100%-Specificity(%) 100%-Specificity(%)






OPS/images/fcvm-10-1214249-g003.jpg
D 1 E Peak E E Peak F
1 APeak EPeal
APeak 2





OPS/images/fcvm-10-1214249-g002.jpg
e 15min ————

[[cine ][ Precontrast T1 | [ Stress perfusion | [Postconttast 11 | [ LGE ][ Rest perfusion

Dobutamine





OPS/images/fcvm-10-1214249-g001.jpg
Male cynomolgus monkeys

igh fat-diet group

Normal diet
Healthy group

}

LVEF265% LVEF 265%
LVEF <65%

an an,
Diastolic dysfunction Echocardiography (-)

HFpEF group HFrEF group Healthy group
(10 monkeys) (10 monkeys) (10 monkeys)

Cardiac magnetic resonance imaging
(ECV, MRPGLS, LGE)






OPS/images/fcvm-10-1214249-t002.jpg
Age (years)

Healthy
group
96+13

HFpEF
group
199+ 14"

HFrEF
group
16227

P

BW (Kg)

817198

9.02+1.10

9.76+2.18

High-fat diet duration

0

986 +777

866 +52625

514065

5149 =50

50.83=5.0

HbAIc (%)

449+1.07

82+334"

945532

HDL (mmol/L)

1.48 £0.53

134071

12+0.66

LDL (mmol/L)

254+1.90

357172

55%137*°

CHO (mmol/L)

3842232

543+2.80

7.8+2.66"

Triglyceride (mmol/L)

1.21£155

576+7.84

7.49+11.53

BUN (mmol/L)

542177

537+1.08

5342174

Creatinine (umol/L)

97.67 1599

84.14+21.69

8472171

Diabetes (Number)

3

8

6

Systolic pressure
(mmHg)

106

120

114

Diastolic pressure
(mmHg)

Hypertension
(Number)

BW, body weight; Het, red blood cell specific volume; HbALc, hemoglobin ALC:

HDL, high-density lipoprotein; LDL, low-density lipoprotein; CHO, carbohydrate:
BUN, blood urea nitrogen; LVEF, left ventricular ejection fraction; EDV, end
diastolic volume: ESV, end systolic volume
*Comparison with healthy controls, p < 0.05
Comparison between HFpEF and HFrEF, p < 0.05.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Imaging characterization of myocardial function, fibrosis, and perfusion in a nonhuman primate model with heart failure-like features

		Introduction



		Methods



		Animal model



		Serum biochemistry measurements



		Echocardiography



		CMR acquisition



		Image and data analysis



		Statistical analysis











		Results



		Demographic and metabolic profile



		Echocardiography findings



		Cardiac magnetic resonance findings











		Discussion



		Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Cardiovascular Medicine

Imaging characterization of myocardial
function, fibrosis, and perfusion in a
nonhuman primate model with heart
failure-like features





OPS/images/fcvm-10-1214249-t001.jpg
Sequences Cine Perfusion T1 mapping LGE

(TrueFISP)
Field of view
read (mm)
Field of view
phase (mm)
Slice thickness
(mm)
Acquired pixel 1 16% 16 10x10
size (mm’)
Matrix size 112x84 128x128
(read x phase)
Temporal ¥y None
resolution (ms)
TR (ms)/TE 271135
(ms)
Averages 1
Number of TI/ Pre-contrast: MOLLI 5
mode (3)3; post-contrast:
MOLLI 4(1)3(1)2
GRAPPA factor 2
Partial fourier o8
Bandwidth (Hz/ 590
Px)
Scan time (s) 175
Flip angle 60 12 35 45
LGE, late gadolinium MOLLI, modified Look-Locker inversion

recovery: GRAPPA. Cansllalized autoeslivating partial parsliel seouisition,





OPS/images/fcvm-10-1214249-t003.jpg
Measurement indicator Healthy group HFpEF group HFrEF group p-Value
Echocardi-ography EIA 126023 0.69 = 0.03° 082+022° 0.001
E'A’ 116 %025 077 £0.16° 067012 0001
Septal E' 950 =231 478077 502+154° <0001
EIE 80422 11.49 +1.42° 10.1 + 2.36° 0.004
EDV (ml) 10.33 +3.38 9.35+2.54 11.63 +3.41 0.639
ESV (ml) 3.18+ 143 2.6+ 164 573+34 0232
LVEF (%) 7396455 76.64 £ 872 4799895 <0001
GLS (%) 2266215 ~2070=741 ~17.10 £ 10.50 0134
ECV (%) 2079 +3.65 27.06+3.37 3111+ 450% <0.001
ECVage (%)° 2395246 24302222 3070 +123 0.001
Rest Perfusion (ml/min/g) 1.31+0.20 1.05£0.21 N/A 0.083
CMR Stress Perfusion (ml/min/g) 240+034 1.28 +0.24° N/A 0.004
MPR 183203 1352 029° N/A 0.007
MPR,,” 2252035 124%012° NiA 0.048
RestHR (1/min) 13550 £ 15.27 114223367 13950  28.36 0.128
Stress HR (1/min) 170.00 +19.16 153223313 N/A 0.198
LVEF, left ventricle ejection fraction; ECV, volume; EDV, volume; ESV, volume; GLS, global longitudinal strain: MPR, myocardia

perfusion reserve; HR heart rate; N/A, not applicable.
*Extracellular volume adjusted for age:

*Myocardial perfusion reserve adjusted for age.
“Comparison with healthy controls, p<0.05.
dComparison between HFpEF and HFIEF. p < 0.05.









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





