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Original Article

Integrating myocardial metabolic imaging and stress myocardial 
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Background: Persistent challenges associated with misdiagnosis and underdiagnosis of coronary 
microvascular disease (CMVD) necessitate the exploration of noninvasive imaging techniques to enhance 
diagnostic accuracy. Therefore, we aimed to integrate multimodal imaging approaches to achieve a higher 
diagnostic rate for CMVD using high-quality myocardial metabolism imaging (MMI) and myocardial 
contrast echocardiography (MCE). This combination diagnostic strategy may help address the urgent need 
for improved CMVD diagnosis.
Methods: In this study, we established five distinct pretreatment groups, each consisting of nine male 
rabbit: a fasted group, a nonfasted group, a sugar load group, an acipimox group, and a combination group 
of nonfasted rabbits administered insulin. Moreover, positron emission tomography-computed tomography 
(PET/CT) scan windows were established at 30-, 60-, and 90-minute intervals. We developed 10 CMVD 
models and conducted a diagnosis of CMVD through an integrated analysis of MMI and MCE, including 
image acquisition and processing. For each heart segment, we calculated the standardized uptake value (SUV) 
based on body weight (SUVbw), as well as certain ratios of SUV including SUV of the heart (SUVheart) to that 
of the liver (SUVliver) and SUVheart to SUV of the lung (SUVlung). Additionally, we obtained three coronary 
SUVbw uptake values. To clarify the relationship between SUVbw uptake values and echocardiographic 
parameters of the myocardial contrast agent more thoroughly, we conducted a comprehensive analysis across 
different pretreatment protocols. Receiver operating characteristic (ROC) curve analysis was employed to 
evaluate the diagnostic accuracy of each parameter in the context of CMVD.
Results: In the context of MMI, the nonfasted-plus-insulin group, as observed during the 60-minute 
examination, exhibited a noteworthy total 18F-fluorodeoxyglucose (18F-FDG) uptake of 47.44±6.53 g/mL, 
which was found to be statistically different from the other groups. To ascertain the reliability of the results, 
two double-blind investigators independently assessed the data and achieved a good level of agreement, 
according to the intraclass correlation coefficient (ICC) (0.957). The SUVbw of the nonfasted-plus-insulin 
group exhibited a moderate correlation with the microvascular blood flow reserve (MBFR) parameters 
derived from the MCE examination, as evidenced by a r value of 0.686. For the diagnosis of CMVD disease, 
the diagnostic accuracy of the combined diagnostic method [area under the curve (AUC) =0.789; 95% 
confidence interval (CI): 0.705–0.873] was significantly higher than that of the MBFR (AUC =0.697; 95% 
CI: 0.597–0.797) and SUVbw (AUC =0.715; 95% CI: 0.622–0.807) methods (P<0.05).

5931

https://crossmark.crossref.org/dialog/?doi=10.21037/qims-23-1630


Wang et al. Improving the diagnosis of CMVDs5916

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(8):5915-5931 | https://dx.doi.org/10.21037/qims-23-1630

Introduction 

The timely identification of coronary microvascular 
disease (CMVD) is a crucial endeavor in disease prevention 
and management (1,2). Recent research in this field has 
primarily focused on multimodal imaging techniques (3,4), 
with positron emission tomography-computed tomography 
(PET/CT) being recognized as the gold standard for 
noninvasive myocardial ischemia diagnosis and providing 
unparalleled insights (5,6). Additionally, myocardial 
metabolism imaging (MMI) plays a vital role in evaluating 
cardiomyocyte functionality in the context of myocardial 
ischemia diagnosis. This approach offers an objective 
assessment of the extent and severity of myocardial  
ischemia (7).  Interestingly, the impact of glucose 
metabolism on image fidelity is a key determinant 
o f  imag ing  qua l i t y.  S t r e s s  myocard i a l  con t r a s t 
echocardiography (MCE) has emerged as an invaluable 
technique, as it can monitor and qualitatively and 
quantitatively assess microvascular hemodynamic 
parameters (8). Among these parameters, myocardial blood 
flow (MBF) and microvascular blood flow reserve (MBFR) 
fraction are of paramount importance (9). As diagnosis of 
CMVD is marred by a high prevalence of underdiagnosis 
and misdiagnosis (10), a combined diagnosis approach 
incorporating MMI and MME has the potential to 
improve diagnostic accuracy by providing a comprehensive 
characterization of myocardial structure, microvascular 
reserve function, and tissue metabolic abnormalities (7).

The quality of the PET/CT image has a significant 
impact on the assessment of myocardial survival outcomes 
when 18F-fluorodeoxyglucose (18F-FDG) PET/CT MMI 
is being performed. Fatty acids, amino acids, glucose, 
pyruvate, and lactate are all used as energy substrates in the 

metabolism of human cardiomyocytes, and insulin is the 
primary regulatory hormone in the use of blood glucose by 
cardiomyocytes. Clinical studies suggest that myocardial 

18F-FDG uptake can be enhanced through an approach 
combining glycemic load and insulin (7). However, there 
is a dearth of preclinical research on the quality of cardiac 
PET/CT imaging. In this study, we focused on metabolic 
and perfusion functions in CMVD. We chose rabbits for 
this study because their coronary system closely resembles 
that of humans and their large size facilitates the acquisition 
of high-resolution images. Although mice and rats are the 
most commonly used small-animal imaging models, their 
small size and rapid heart rate require more technically 
demanding and sophisticated imaging equipment to 
achieve similar results. Furthermore, while pigs and 
dogs are easier to handle and image, they are expensive 
and difficult to transport. With consideration to cost-
effectiveness, coronary structure, the acquisition of high-
resolution images, and ease of experimental manipulation, 
rabbits are ideal for multimodal imaging studies of CMVD. 
After conducting our experiments, we observed that it was 
not possible to achieve stable MMI using the standard 
preprocessing protocols. Therefore, in order to effectively 
obtain MMI in rabbits, it is crucial to consider their specific 
metabolic profile. These herbivorous animals consume diets 
rich in carbohydrates, proteins, and fatty acids, leading to 
intricate changes in gastrointestinal hormone signaling that 
influences processes ranging from nutrient assimilation 
to satiety regulation (11). The myocardial metabolism in 
rabbits is still a relatively underexplored subject (12), and we 
thus aimed to improve myocardial uptake in rabbits, obtain 
high-quality images, and establish a model examination 
protocol. This work may provide solutions to the persistent 

Conclusions: Our study demonstrated the feasibility of a simple premedication approach involving free 
feeding and intravenous insulin in producing high-quality gated heart 18F-FDG PET/CT images in adult 
male New Zealand white rabbits. This technique holds considerable potential for ischemic heart disease 
research in rabbits and can enhance CMVD diagnosis via the comprehensive assessment of myocardial 
metabolism and perfusion.
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Figure 1 Experimental design, examination process, and diagram of myocardial metabolism phenomenon for the various pretreatment 
methods. (A) The pretreatment conditions and examination time windows of the different experimental protocols. (B) Procedure for stress 
MCE. MCE, myocardial contrast echocardiography. 
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diagnostic and therapeutic challenges in experimental 
cardiology.

The principal aim of this study was to diagnose CMVDs 
by integrating stable MMI with stress MCE. Additionally, 
we sought to examine the correlation between 18F-FDG 
uptake parameters and myocardial perfusion under various 
pretreatment protocols. A dual-modality assessment of 
myocardial viability and perfusion is proposed to enhance 
the precision of diagnosing CMVD and lay the groundwork 
for accurate CMVD diagnosis using molecular imaging 
techniques. We present this article in accordance with the 
ARRIVE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-1630/rc).

Methods

Animal model and experimental protocol

In this experiment, healthy male New Zealand white 
rabbits were obtained from the Animal Research Center of 
Xinjiang Medical University. Experiments were performed 
under a project license (No. IACUC-20210725-15) granted 
by the Experimental Animal Ethics Committee of Xinjiang 
Medical University and in compliance with institutional 
guidelines for the care and use of animals. All procedures 
involving animals adhered to the institutional guidelines 
for the care and use of laboratory animals. A protocol was 
prepared before the study without registration.

This study includes five pretreatment group groups and 
three-time windows, with nine male rabbits being required 
for each two-way analysis of variance (ANOVA). We used 
G*Power software to calculate the sample size required for 
two-way ANOVA.

Nine healthy male rabbits were carefully selected 
for the study to ensure good cardiac health and optimal 
function throughout echocardiography. All the New 
Zealand white rabbits enrolled in the study demonstrated 
sustained normoglycemia and systolic function throughout 
a continuous three-day period prior to the initiation of 
experimental procedures. The experiment was organized 
into five intervention cohorts as described below (see also 
Figure 1A):

(I)	 Fasted group (n=9): rabbits in this category were 
fasted for 6–8 hours, with without access to food or 
water.

(II)	 Nonfasted group (n=9): rabbits in this group had 
unrestricted access to food.

(III)	 Sugar load group (n=9): following a fasting period 
of 6–8 hours, rabbits received a glucose solution 
at a dose of 3 g/kg. An intravenous injection of 
18F-FDG was administered when their blood 
glucose levels reached 7.9 to 8.8 mmol/L.

(IV)	 Acipimox group (n=9) :  these rabbits  were 
administered a gavage of 50 mg/kg of acipimox, 
followed by an intravenous injection of 18F-FDG.

(V)	 Nonfasted + insulin group (n=9): rabbits received 
an intravenous injection of insulin at a dose of 0.1 
IU/kg via the ear margin. Blood glucose levels were 
closely monitored, and the injection of 18F-FDG 
was administered when a 20% reduction in blood 
glucose levels was observed. Notably, blood glucose 
levels were measured twice before the intervention, 
both before and after the PET/CT examination.

The rabbits were anesthetized using a freshly prepared 
0.7% sodium pentobarbital solution administered 

https://qims.amegroups.com/article/view/10.21037/qims-23-1630/rc
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intravenously through the ear margin. PET/CT scans 
were carried out in all specified groups at 30, 60, and  
90 minutes after the intravenous injection of 18F-FDG. The 
rabbits were positioned in a supine posture and securely 
immobilized. PET/CT examinations were conducted with 
continuous ECG monitoring. It is essential to emphasize 
that a one-day interval was observed between each group 
of rabbits and their respective experimental sessions, as 
depicted in Figure 1A. A one-day interval was implemented 
between scans to allow sufficient recovery time for the 
animals, facilitating the metabolism of pentobarbital 
sodium and 18F-FDG radiotracer. The Xeleris functional 
imaging workstation (GE HealthCare, Chicago, IL, USA) 
was employed to extract the standardized uptake value 
(SUV) based on body weight (SUVbw), a pivotal metric for 
evaluating myocardial metabolic activity in each segment. 

Time window for 18F-FDG PET/CT examination

This precise quantification enabled a detailed analysis 
of the PET/CT examination at specific time intervals 
after administration. These examination intervals were 
established at 30, 60, and 90 minutes, aligning with the 
experimental group that produced the highest image quality. 
The purpose of selecting these specific time intervals for the 
PET/CT examination was to investigate the relationship 
between the visual quality of MMI and the timeframes 
following administration. This systematic analysis provided 
a comprehensive understanding of how the temporal 
window of the PET/CT examination influences the 
resulting quality of MMI.

18F-FDG PET/CT examination parameters

A Discovery PET/CT system (GE HealthCare) was used 
for the PET/CT scan. A precise dose of 1 mCi/kg of 
18F-FDG was intravenously administered and allowed to 
circulate for 60 minutes before imaging. An eight-minute 
static scan was conducted using a gated acquisition protocol, 
capturing comprehensive three-dimensional images. The 
acquisition parameters included a 40-mm detector coverage 
and a 2.5-mm helical thickness, ensuring detailed imaging.

Further precision was achieved with a pitch speed of 
0.984, specific values of 139.37 mm/rotation, and a rotation 
time of 0.5 mm. The collected scan data underwent robust 
reconstruction with a 35-cm diameter, 128×128 transverse 
matrix. The ordered subset expectation maximization 
algorithm, integrated into the 3D VUE software (GE 

HealthCare), was applied. CT attenuation correction was 
an integral component of the reconstruction process and 
used an iterative approach of four iterations and eight 
subsets. This comprehensive procedure resulted in essential 
imaging views, including left ventricular short axis, main 
longitudinal, and main horizontal tomographic images.

Consistency was critical to the experiment, with the same 
parameters being carefully maintained for each scan and 
subsequent reconstruction. This commitment to precision, 
coupled with advanced technology, yielded comprehensive 
and informative results.

Quantitative analysis of 18F-FDG PET/CT imaging

The Xeleris functional imaging workstation was used 
for the precise measurement of 18F-FDG uptake SUVbw 
values in heart 17 segments, including coronal, sagittal, 
and axial views, to assess myocardial metabolic activity. 
SUVbw values of liver and lung tissues were also evaluated 
to calculate the ratio of SUV of the heart (SUVheart) to the 
SUV of the liver (SUVliver) and that of SUVheart to the SUV 
of the lung (SUVlung), enabling a comprehensive assessment 
of cardiometabolic parameters. To ensure accuracy, 
measurements were repeated three times for each image set. 
Data analyses were conducted under a single-blind method 
with two independent observers. 

MCE examination parameters

Following anesthesia, intravenous access was established via 
the ear vein. A specialized contrast agent (SonoVue, Bracco, 
Italy) was employed to enhance ultrasound imaging. MCE 
was conducted to evaluate myocardial perfusion both at rest 
and during stress using a EPIQ 7C ultrasound diagnostic 
instrument (Philips, Amsterdam, the Netherlands)  
(Figure 1B ) .  The contrast  mode parameters were 
standardized, including an image depth of 50 mm, a gain 
setting at 55 dB, a focal point alignment at the level of the 
mitral valve, a dynamic range of 50 dB, and a mechanical 
index (MI) of 0.18. A syringe pump (LD-P2020, Shanghai 
Rande Medical Instrument Co., Shanghai, China) was 
connected, facilitating the continuous administration of 
the contrast agent through the auricular venous channel 
at a rate of 0.5 mL/min. Dynamic short-axis images of 
the left ventricle were captured with a 10-second data 
acquisition time per dataset and saved in Digital Imaging 
and Communications in Medicine (DICOM) format for 
subsequent offline analysis. The stress MCE examination was 
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conducted in the fourth minute, mirroring the procedures 
used in the resting MCE examination. Adenosine (Aiduo, 
Shenyang, China) was infused at a rate of 0.19 mL/min, 
with a dosage of 140 μg/(kg·min) over three minutes. These 
settings were consistently applied across all parameters.

Quantitative analysis of MCE

Microvascular perfusion was assessed using QLAB version 
9.0 software (Philips). The analysis focused on defining a 
specific region of interest (ROI) within myocardial segments 
during the end-systolic phase. This excluded structures 
such as the left ventricular cavity and pericardium for 
precise examination. Through an exponential curve fitting 
equation, the software computed two parameters for each 
ROI. The plots of myocardial video (contrast) intensity 
and pulse interval are fit to an exponential function: VI = 
A (1 − e−βt), where VI is the video intensity at PI t, A is the 
video intensity at the plateau, and β is the rate of increase 
of the video intensity after the destruction of the bubble. 
MBF is estimated by the product of A×β, where A (plateau 
video intensity) reflects microvascular cross-sectional area 
and β (video intensity rise rate) represents microbubble or 
MBF velocity. Measurements were repeated three times for 
precision. To calculate reserve function, A reserve (Astress/
Arest) and β reserve (βstress/βrest) were determined, as was local 
myocardial microvascular reserve function (MBF reserve: 
MBFstress/MBFrest). This advanced method allowed for 
precise microvascular perfusion analysis, providing insights 
into the cardiac dynamics during the end-systolic phase.

Our study focused on correlation analyses and specifically 
examined the relationships between the A, β, MBF, MBFR, 
and SUVbw measurements.

Construction of a rabbit model of coronary microvascular 
dysfunction

In a cohort of 10 healthy male New Zealand large white 
rabbits, the right common carotid artery was surgically 
isolated. With the aid of a diagnostic ultrasound device 
(Philips EPIQ 7C), we carefully tracked the position of 
the balloon catheter and monitored its echoes within 
the ascending aorta. Under the guidance of ultrasound, 
a 28-gauge fine needle was precisely inserted into the 
left ventricle in alignment with the ultrasound beam. 
Subsequently, the balloon catheter was infused with saline 
to temporarily halt blood flow in the ascending aorta for 
approximately 20 seconds. A solution of sodium lauryl 

sulfate (dosage: 2.8 mg/kg; concentration: 40 mg/mL) 
was promptly injected into the left ventricular cavity, 
followed by the rapid deflation of the balloon. Throughout 
the procedure, vital signs were continuously monitored, 
and sutures were tightly secured to complete the surgical 
intervention.

On the third postoperative day, sequential 18F-FDG 
PET/CT imaging and MCE were conducted under 
the same parameters and protocols as those used in 
the previous procedures. Following the examination, 
myocardial specimens were collected and preserved for 
histopathological hematoxylin and eosin (HE) staining 
analysis and for immunofluorescence staining of CD31.

HE and immunofluorescence

HE staining was used to identify pathologic changes, and 
immunofluorescent staining was used to identify vascular 
endothelial cells (CD31) in frozen sections of cardiac 
tissue. CD31 antibody (GTX20218, GeneTex, Irvine, CA, 
USA) was diluted at 1:500 in phosphate-buffered saline 
and allowed to incubate at room temperature for two 
hours. The secondary antibody (CY5; ab52061, Abcam, 
Cambridge, UK) was then added to the samples at a 1:1,000 
dilution in phosphate-buffered saline for 50 minutes in the 
dark at 37 ℃. This was followed by the application of a 
solution of 4’6-diamidino-2-phenylindole for 10 minutes for 
nuclear staining. After the samples were mounted, the slides 
were processed and evaluated by fluorescence microscopy. 
Positive expression appeared as red fluorescent staining with 
fluorescein.

Dual-modality imaging diagnosis

The myocardial HE staining results were employed as 
the reference standard, and a combination of myocardial 
segmental parameters, including SUVheart, SUVheart/SUVliver 
ratio, SUVheart/SUVlung ration, and MCE imaging parameters 
(A, β, A×β, and MBFR), was used for the diagnosis of 
CMVD. Receiver operating characteristic (ROC) curves 
were constructed, and the AUC was calculated.

Statistical analysis 

Data analysis was executed employing SPSS 25.0 (IBM 
Corp., Armonk, NY, USA). The data were succinctly 
summarized using the mean ± standard deviation. Single-
factor ANOVA is used to compare the performance of 
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one factor (or one treatment group) across different 
levels or treatment conditions. Two-factor ANOVA is 
used to analyze the effects of two factors (two treatment 
combinations) on experimental results, including whether 
their interaction is significant. Three-factor ANOVA is 
used to simultaneously analyze the effects of three factors 
on experimental results, including their main effects and 
interactions. Bonferroni analysis for multiple comparisons 
was used to further differentiate the groups. A P value 
<0.05 was considered to indicate a statistically significant 
difference. The relationship between the two methods was 
explored through Pearson correlation analysis. Reliability 
analysis was facilitated by employing the ICC. The AUC 
between models was compared using the Delong test.

Results

Basic information

The rabbits had a stable blood glucose level of 5.51±0.87 
mmol/L, an ejection fraction (EF) of 74.64%±6.69%, and a 
shortening rate of 40.31%±5.77%.

MMI under different protocols

In the total SUVbw of the heart, two-way ANOVA indicated 
the significant effects of pretreatment (F=43.30; P<0.001, 
η2=0.591) and timepoint (F=10.77; P<0.001; η2=0.152) 
but not for the interaction of pretreatment and timepoint 
(F=0.705; P=0.687; η2=0.045). Furthermore, the simple 
effect of pretreatment was significant in the 30-minute 
examination (F=13.672; P<0.001; η2=0.313), the 60-minute 
examination, (F=20.937; P<0.001; η2=0.411), and the 
90-minute examination (F=10.104; P<0.001; η2=0.252). 
In the insulin group, the simple effect of timepoint was 
significant (F=6.715; P<0.01; η2=0.101), while for the other 
four pretreatment groups, the simple effects were not 
significant, as illustrated in Figure 2A, Figures S1,S2.

For the average SUVbw of liver, the main effects of 
pretreatment (F=4.138; P<0.01; η2=0.121) and of timepoint 
(F=1.476; P<0.05; η2=0.069) were significant, but the 
interaction effect between pretreatment and timepoint 
was not significant (F=0.059; P=1.00; η2=0.004). Further 
comparisons of simple effects were made, and none of the 
simple effects were significant for any of the groups, as 
illustrated in Figure 2B.

For the average SUVbw of the lung, the main effect 
of pretreatment was not significant (F=0.986; P=0.418; 

η2=0.032), the main effect of timepoint was significant 
(F=11.192; P<0.001; η2=0.157), and statistically significant 
differences were found between the 30-, 60-, and 90-minute 
examinations, with SUVlung values becoming smaller as the 
examination time increased. The interaction effect between 
pretreatment and timepoint was not significant (F=0.07; 
P=1.00; η2=0.005). In the insulin group, the simple effect of 
timepoint was significant (F=3.495, P=0.033, η2=0.055), as 
illustrated in Figure 2C.

Two key parameters, the SUVheart/SUVliver and SUVheart/
SUV lung ratios, were used to evaluate MMI. For the 
SUVheart/SUVliver ratio, the main effect of pretreatment 
was significant (F=18.84; P<0.001; η2=0.386), but the 
main effect of timepoint was not significant (F=1.262; 
P=0.287; η2=0.021), nor was the interaction effect between 
pretreatment and timepoint (F=0.303; P=0.964; η2=0.020). 
For the 30-minute examination, the simple effect of 
pretreatment was significant (F=5.226; P<0.001; η2=0.148); 
for the 60-minute examination, the simple effect of 
pretreatment was significant (F=9.679; P<0.001; η2=0.244); 
and for the 90-minute examination, the simple effect of 
pretreatment was significant (F=4.538; P<0.01; η2=0.1312) 
(Figure 2D).

For  SUV heart/SUV lung ra t io ,  the  main  e f fect  o f 
pretreatment was significant (F=11.784; P<0.001; η2=0.282) 
as was that of timepoint (F=6.772; P<0.01; η2=0.101), but 
the interaction effect between pretreatment and timepoint 
was not significant (F=0.450; P=0.888; η2=0.029). For the 
60-minute examination, the simple effect of pretreatment 
was significant (F=6.621; P<0.001; η2=0.181), as was that for 
the 90-minute examination (F=4.151; P<0.01; η2=0.122). 
In the insulin group, the simple effect of timepoint was 
significant (F=5.025; P<0.01; η2=0.077), but the simple 
effects in the other four groups were not significant, as 
illustrated in Figure 2E.

Following the administration of the 18F-FDG injection, 
the blood glucose levels in the fasted group, nonfasted 
group, sugar load group, acipimox group, and nonfasted-
plus-insulin group were 5.98±0.45, 6.69±4.04, 8.37±0.69, 
6.2±0.80, and 5.69±0.56 mmol/L, respectively. Notably, 
the group with a high glycemic load exhibited a significant 
difference in glucose levels when compared to the other 
four groups (P<0.01), as illustrated in Figure 2F; however, 
despite this, MMI did not yield satisfactory results, 
including SUVbw of heart, SUVbw of liver, and SUVbw of 
lung.

For the acipimox-treated group, we closely examined 
the pre- and postintervention triglyceride (TG) levels, 

https://cdn.amegroups.cn/static/public/QIMS-23-1630-Supplementary.pdf
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Figure 2 Analysis of the different pretreatment groups and different timepoints for MMI. (A-E) Quantitative analysis of the myocardial 
metabolism imaging parameters. (F) Blood glucose levels in each group at the time of injection of the FDG agent. (G) Triglyceride levels 
before and after acipimox administration. *, P<0.05; **, P<0.01; ***, P<0.001; ##, P<0.01. SUVbw, standardized uptake value based on body 
weight; TG, triglyceride; FDG, fluorodeoxyglucose; MMI, myocardial metabolism imaging. 
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which had values of 0.69±0.22 and 0.38±0.10 mmol/L, 
respectively. The paired t-test produced a t score of 5.718, 
indicating a significant reduction in TG levels due to 
acipimox intervention. However, it is important to note that 
this intervention did not produce the desired outcomes in 
cardiac metabolic angiography, as shown in Figure 2G.

The main effects of pretreatment, timepoint, and 
coronary segment were all significant (P<0.001). There 
was an interaction between pretreatment and timepoint 
(P<0.05). There was an interaction between pretreatment 
and segment (P<0.01); however, the interaction between the 
three factors was not significant, as shown in Figure 3.

In conclusion, the nonfasted-plus-insulin group had 

the best image quality in the 60-minute examination, 
demonstrating the highest total heart uptake and the 
highest SUVheart/SUVlung ratio. Representative images are 
shown in Figures 4,5.

To confirm the robustness of our results, an interreader 
correlation analysis was conducted, which produced a 
strong ICC of 0.957 among the data assessors, as presented 
in Figure 6A.

Correlation between metabolic activity and perfusion 
parameters

MCE is essential for studying cardiac blood perfusion. Our 
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Figure 3 Three-way analysis of variance of the pretreatment conditions, timepoints, and regions of coronary blood supply. +, the same 
timepoint for the fasted group, nonfasted group, sugar load group, acipimox group, and nonfasted + insulin group; #, the same pretreatment 
group for the 30-, 60-, and 90-minute timepoints. &, the same pretreatment group for the LAD, LCX, and RCA; +++, P<0.001; #, P<0.05; ##, 
P<0.01; ###, P<0.001; &&&, P<0.001. LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary artery.
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study collected data and images related to key parameters: 
blood volume (A), flow velocity (β), and resultant blood 
flow (MBF =A×β). Myocardial metabolic images were 
reconstructed using Xeleris functional imaging workstation 
software, including the horizontal long axis, vertical long 
axis, and short axis (as seen in Figure 5B).

These analyses were conducted within different groups as 
categorized by various preconditioning regimens (outlined 
in Table 1). The results showed a moderate correlation of 
MBFR with SUVbw (r=0.686), as depicted in Figure 6B-6F.

A quantitative analysis model for coronary microvascular 
dysfunction

Based on the analysis of HE results in the 10 CMVD 
models, there were 44 segments in the normal group and 
116 segments in the CMVD group. Both groups showed 
statistically significant differences in βrest, βstress, MBFrest, 
MBFR, and SUVbw (P<0.05). Meanwhile, the metabolic and 
perfusion measures decreased in the CMVD group (Table 2).

HE staining revealed the presence of inflammatory cell 
aggregation and mild subendocardial myocardial fibrosis in 
the CMVD group (Figure 7A,7B). In Figure 7C, the green 
arrow indicates mild myocardial fibrosis. CD31 staining 

showed a lower number of microvessels in the CMVD 
group compared to the normal group (Figure 7D,7E).

Both pathological histology and noninvasive imaging 
techniques revealed perfusion defects and a reduction of 
metabolic activity in the basal segment of the left ventricular 
septum (Figure 7F-7I). Representative normal and abnormal 
images from PET/CT MMI and MCE, along with the 
quantitative analysis, are shown in Figure 7D-7O.

ROC curve for the SUVbw and MCE parameters

The ROC analysis indicated that dual diagnosis was the 
most effective echocardiographic predictor for identifying 
individuals with CMVD who would go on to develop left 
ventricular myocardial dysfunction (Figure 8). The optimal 
cutoff value for MBFR was 1.83, while the optimal cutoff 
value for SUVbw was 2.42 (Table 3).

Discussion

The significant results obtained in this study suggest that 
the diagnosis of CMVD can be improved by the combined 
use of MMI and stress MCE imaging. Our principal results 
were as follows: (I) rabbits received intravenous insulin at a 



Quantitative Imaging in Medicine and Surgery, Vol 14, No 8 August 2024 5923

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(8):5915-5931 | https://dx.doi.org/10.21037/qims-23-1630

Figure 4 Myocardial metabolism images of the heart and liver in the five experimental groups. The insulin group exhibited the highest 
myocardial signal-to-background ratio and the lowest liver uptake.
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dose of 0.1 IU/kg without dietary restrictions. Subsequently, 
18F-FDG was introduced under 20% hypoglycemic 
conditions, and precise PET scanning was performed  
60 minutes after injection, resulting in high-quality 
18F-FDG PET images of rabbit hearts. (II) The insulin 
injection group exhibited a moderate correlation between 
SUVbw and the MCE perfusion parameter of MBFR. 
(III) The ROC curves demonstrated that the multimodal 
diagnosis yield a higher prediction accuracy compared to 
that of the single modes.

The SUVbw values in the insulin group were notably 
higher than those of the other groups, and this was 
accompanied by a decrease in hepatic uptake. The signal-to-
noise ratios for the SUVheart/SUVliver and SUVheart/SUVlung 
ratios exhibited heightened diagnostic precision, effectively 

mitigating the influence of neighboring tissues, especially 
in the liver and lungs. Cardiomyocytes have a variety 
of energy sources to ensure ample energy production. 
Previous research has indicated that under conditions of 
fasting, the myocardium chiefly relies on free fatty acids 
as the primary energy source (13,14). However, the New 
Zealand White rabbit, being an herbivore with unique 
digestive attributes, exhibits heart and respiratory rates that 
are significantly higher than those of humans. Notably, 
conventional protocols used for enhancing myocardial 
metabolism imaging in humans and other animals have 
proven ill-suited for rabbits. The typical approach of 
fasting followed by glucose administration (15,16) alters 
the energy substrate preference of human cardiomyocytes 
from fatty acids to glucose, making it challenging to 
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Figure 5 Myocardial metabolism images across the various scanning time windows. (A) Examinations at 60 minutes demonstrated elevated 
myocardial uptake and diminished liver uptake. (B) Images distinctly illustrating the uptake within each myocardial segment.
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Figure 6 The correlation between myocardial SUVbw uptake and MBFR in in the five groups. (A) Remarkable consensus between the two 
reviewers. (B-F) The correlation between myocardial SUVbw uptake and MBFR was analyzed in the five groups. SD, standard deviation; 
MBFR, microvascular blood flow reserve; SUVbw, standardized uptake value based on body weight.
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Table 1 Correlation between the seven MCE parameters and myocardial SUVbw in the five treatment groups 

Group βrest Arest βstress Astress MBFrest MBFstress MBFR

Fasted −0.002 −0.038 −0.065 −0.269 −0.032 −0.301** −0.313*

Nonfasted 0.119 −0.301* 0.389** −0.430** −0.093 0.131 0.316*

Sugar load 0.014 −0.142 0.174 −0.305* −0.082 −0.042 0.103

Acipimox 0.187 −0.220 0.337* −0.224 0.092 0.193 0.121

Nonfasted + insulin 0.115 −0.03 0.320* −0.006 −0.162 0.394** 0.686**

*, P<0.05; **, P<0.01. MCE, myocardial contrast echocardiography; SUVbw, standardized uptake value based on body weight; β, blood flow 
velocity; A, blood volume; MBF, myocardial blood flow; MBFR, microvascular blood flow reserve.
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Table 2 Analysis of image data in the normal and CMVD groups

Parameter Normal (n=44) CMVD (n=116) t P

Arest 2.74±1.06 2.95±1.61 −0.948 0.345

βrest 9.67±1.71 10.59±2.69 −2.567 0.011*

Astress 3.42±1.65 3.12±1.57 1.100 0.273

βstress 11.73±3.16 10.31±3.75 2.231 0.027*

MBFrest 32.87±23.96 26.59±11.17 −2.251 0.026*

MBFstress 42.04±26.59 34.57±25.67 1.628 0.106

MBFR 1.70±1.02 1.14±0.62 3.371 <0.001***

SUVbw 2.58±0.76 2.00±0.67 4.701 <0.001***

SUVheart/SUVliver 2.0±0.75 1.83±0.59 1.626 0.109

SUVheart/SUVlung 4.28±1.49 3.95±1.50 1.244 0.215

Data are presented as mean ± standard deviation. *, P<0.05; ***, P<0.001. CMVD, coronary microvascular disease; A, blood volume; β, 
blood flow velocity; MBF, myocardial blood flow; MBFR, microvascular blood flow reserve; SUVbw, standardized uptake value based on 
body weight; SUVheart, SUV of the heart; SUVliver, SUV of the liver; SUVlung

, SUV of the lung; SUV, standardized uptake value. 

pinpoint the optimal time for transition and the subsequent 
injection of 18F-FDG. Moreover, it is essential to allow 
cardiomyocytes a specific duration of effective glucose 
metabolism. We examined how fasted and unrestricted 
diet influence MMI. As is widely known, fasting results 
in a significantly lower signal-to-background ratio (SBR), 
indicating cardiomyocytes reliance on fatty acids for energy 
and their limited glucose usage (17). Aday et al. (18) used 
acipimox for lipid reduction, while Poussier et al. (19) 
improved MMI in rats with a similar acipimox treatment. 
However, our study found no enhanced metabolic imaging 
with acipimox pretreatment. Recognizing the benefits of 
free feeding, we aimed to elevate rabbit plasma glucose 
levels using a glucose-loading regimen (20), targeting 
concentrations in the 7.9–8 mmol/L range. The aim of this 
was stimulate insulin release and create a favorable glucose 
gradient across cardiomyocytes. Unfortunately, these 
efforts did not yield the anticipated results in myocardial 
metabolism imaging. Thus, we concluded that rabbit blood 
glucose levels might not singularly dictate cardiomyocyte 
glucose uptake. Remarkably, by pharmacologically reducing 
plasma free fatty acids and TG levels using acipimox, we 
observed an increase in glucose utilization. To achieve this 
aim, enhancing the density of glucose transporter 4 on 
cardiomyocyte surfaces is pivotal. This hinges on boosting 
insulin binding to cardiomyocyte insulin receptors, thereby 
triggering the intracellular movement of glucose transporter 
4 to the cell membrane via the PI3k pathway. This complex 

process amplifies glucose uptake (21-23).
This study refined the protocol for obtaining high-

quality 18F-FDG PET images of rabbit hearts, as it better 
aligns with their distinctive physiological traits. Previous 
literature has advised waiting at least 45 minutes after 
18F-FDG administration before conducting a static scan (7). 
In this study, due to rabbits’ faster metabolism, we adapted 
this standard. We scanned at 30 minutes, observing early 
18F-FDG uptake by cardiomyocytes although blood pool 
activity remained. At 60 minutes, our second scan displayed 
optimal myocardial uptake and blood pool clearance, 
achieving the highest SUVbw and SBR, with lower liver 
SUVbw compared to the 30-minute scan. Over 90 minutes, 
myocardial SUVbw declined, while liver SUVbw uptake 
gradually decreased.

Our study links MMI with MCE outcomes, indicating 
the potential for a combination diagnosis for cardiac 
ischemia. MCE angiography is widely used for noninvasive 
microvascular perfusion assessment (24-26), while 18F-FDG 
metabolism imaging can accurately reflect cardiomyocyte 
viability (27). Combining 18F-FDG metabolism imaging 
and MCE is crucial for assessing myocardial vitality. 
Our findings included a moderate correlation between 
myocardial viability SUVbw and perfusion reserve fraction 
(r=0.686). Interpreting the concordance between myocardial 
viability and perfusion may offer key insights (28):  
normal perfusion and viability may indicate a healthy 
myocardium, and a mismatch between perfusion and 
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Figure 7 Pathological and imaging analyses. Normal myocardial segments are in the first column, abnormal CMVD segments are in the 
second column, and semiquantitative data graphs are in the third column. (A,B) Typical and atypical HE staining patterns, with blue arrow 
indicating subendocardial myocardial microemboli. (D,E) Microvascular analyses revealing a reduction in mean fluorescence intensity 
within abnormal segments. (G,H) PET/CT MMI results indicating both normal and abnormal conditions. (J,K,M,N) MCE results for both 
the normal and abnormal conditions depicted in (G) and (H). (C,H,K,N) Abnormal segments of the basal segment of the interventricular 
septum as visualized through HE staining, MCErest, MCEstress, and PET/CT, with the area of defect indicated by a green arrow. (F,I,L,O) 
Quantitative analysis of CD31, SUVbw, MBF, and MBFR. (A,B) HE staining of myocardial tissue (original magnification 20×). (C) HE 
staining of myocardial tissue (original magnification 0.44×). (D,E) Immunofluorescence staining of myocardial tissue with CD31 (original 
magnification 20×). *, P<0.05; ***, P<0.001. CMVD, coronary microvascular disease; DAPI, 4',6-diamidino-2-phenylindole; PET/CT, 
positron emission tomography/computed tomography; SUVbw, standardized uptake value based on body weight; MCE, myocardial contrast 
echocardiography; MBF, myocardial blood flow; MBFR, microvascular blood flow reserve; HE, hematoxylin and eosin; MMI, myocardial 
metabolism imaging.
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Figure 8 ROC curve of the diagnostic accuracy of SUVbw, MBFR, and the combined diagnosis. Notably, the ROC curve representing 
combined diagnosis exhibited the highest AUC value. *, P<0.05. SUVbw, standardized uptake value based on body weight; AUC, area under 
the curve; MBFR, microvascular blood flow reserve; ROC, receiver operating characteristic. 
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Table 3 The ROC curve of CMVD diagnosis 

Parameter AUC (95% CI) Sensitivity% (95% CI) Specificity% (95% CI) +LR −LR Youden index J Cutoff

MBFR 0.697 (0.597–0.797) 93.1 (86.9–97.0) 45.45 (30.4–61.2) 1.71 0.15 0.3856 ≤1.83

SUVbw 0.715 (0.622–0.807) 74.14 (65.2–81.8) 65.91 (50.1–79.5) 2.17 0.39 0.4005 ≤2.42

Combined diagnosis 0.789* (0.705–0.873) 87.93 (80.6–93.2) 59.09 (43.2–73.7) 2.15 0.20 0.4702 –

AUC: 0.5–0.7, low accuracy; 0.7–0.9, moderate accuracy; >0.9, high accuracy. *, P<0.05. ROC, receiver operating characteristic; CMVD, 
coronary microvascular disease; AUC, area under the curve; CI, confidence interval; +LR, positive likelihood ratio; −LR, negative likelihood 
ratio; MBFR, microvascular blood flow reserve; SUVbw, standardized uptake value based on body weight. 
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metabolism (increased perfusion, reduced 18F-FDG uptake 
in defects) may indicate viable ischemic tissue. Common 
agents for perfusion imaging, such as 13N-NH3, 

201TI, are 
challenging to prepare and use. In contrast, MCE, being 
radiation free and easily applied, suits myocardial blood 
perfusion evaluation. Reant et al. (29) reported that an 
MCE method for a diagnosing for coronary stenosis had an 
AUC value of 0.66, which aligns with the findings of our 
study. Furthermore, we identified a cutoff value of <1.83 
for MBFR in diagnosing CMVD. In Lautamäki et al.’s (30) 
study on myocardial microcirculation postinfarction in pigs, 
FDG PET/CT yielded a diagnostic rate of 0.68, which is 
consistent with our study, in which we used a corresponding 
cutoff value for SUVbw of <2.42 in CMVD diagnosis. 
Notably, we observed a significant improvement in CMVD 
diagnosis through the combined assessment of SUVbw and 
MBFR. 

Overall, our study highlights the viability of using a 
simple premedication approach with free feeding and 
intravenous insulin to produce high-quality gated heart 
FDG-PET images in adult New Zealand white rabbits. 
The achieved signal-to-noise ratio rivals that observed for 
humans. This insulin-augmented PET technique holds 
great application potential for ischemic heart disease 
research involving rabbits. Comprehensive analysis of 
myocardial metabolism and perfusion levels improves the 
diagnosis of CMVD disease. 

In addition to the inherent limitations of using animal 
models for studying human diseases, our research has 
its own specific constraints. The first is the relatively 
small sample size. The second is the cost of small-animal 
PET/CT imaging and the clinical equipment used in 
this experiment. In future studies, we are committed to 
achieving the precise diagnosis of CMVD at the molecular 
imaging level.

Conclusions

This study demonstrated the feasibility of a simple 
premedication approach using free feeding and intravenous 
insulin, which produced high-quality gated heart 18FDG 
PET/CT images in adult male New Zealand white rabbits. 
This technique may be productively applied in ischemic 
heart disease research in rabbits and may improve CMVD 
diagnosis through the comprehensive assessment of 
myocardial metabolism and perfusion.
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