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Longitudinal Evaluation of Myocardial Fatty
Acid and Glucose Metabolism in Fasted and
Nonfasted Spontaneously Hypertensive
Rats Using MicroPET/CT
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Abstract
Using longitudinal micro positron emission tomography (microPET)/computed tomography (CT) studies, we quantified changes in
myocardial metabolism and perfusion in spontaneously hypertensive rats (SHRs), a model of left ventricular hypertrophy (LVH).
Fatty acid and glucose metabolism were quantified in the hearts of SHRs and Wistar-Kyoto (WKY) normotensive rats using long-
chain fatty acid analog 18F-fluoro-6-thia heptadecanoic acid (18F-FTHA) and glucose analog 18F-fluorodeoxyglucose (18F-FDG)
under normal or fasting conditions. We also used 18F-fluorodihydrorotenol (18F-FDHROL) to investigate perfusion in their hearts
without fasting. Rats were imaged at 4 or 5 times over their life cycle. Compartment modeling was used to estimate the rate
constants for the radiotracers. Blood samples were obtained and analyzed for glucose and free fatty acid concentrations. SHRs
demonstrated no significant difference in 18F-FDHROL wash-in rate constant (P¼ .1) and distribution volume (P¼ .1), significantly
higher 18F-FDG myocardial influx rate constant (P ¼ 4�10�8), and significantly lower 18F-FTHA myocardial influx rate constant
(P¼ .007) than WKYs during the 2009-2010 study without fasting. SHRs demonstrated a significantly higher 18F-FDHROL wash-in
rate constant (P ¼ 5�10�6) and distribution volume (P ¼ 3�10�8), significantly higher 18F-FDG myocardial influx rate constant
(P ¼ 3�10�8), and a higher trend of 18F-FTHA myocardial influx rate constant (not significant, P ¼ .1) than WKYs during the
2011–2012 study with fasting. Changes in glucose plasma concentrations were generally negatively correlated with corresponding
radiotracer influx rate constant changes. The study indicates a switch from preferred fatty acid metabolism to increased glucose
metabolism with hypertrophy. Increased perfusion during the 2011-2012 study may be indicative of increased aerobic metabolism
in the SHR model of LVH.
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Introduction

Left ventricular hypertrophy (LVH) is the enlargement, thicken-

ing, and stiffening of the muscle (myocardium) that makes up

the wall of the main pumping chamber of the heart. Hypertrophy

can develop in response to hypertension, characterized by high

blood pressure that requires the LV to work harder. Ultimately, it

can lead to heart failure (HF), when the heart no longer provides

enough blood to meet the metabolic needs of the body.

Under healthy conditions, fatty acids (FAs) are the preferred

metabolic fuel, accounting for 60% to 70% of energy produc-

tion.1,2 Fatty acids provide more than twice as much energy per

mass than glucose. As hypertrophy develops, the heart exhibits

impaired substrate metabolism, contractile dysfunction, and

LV remodeling.3 In this diseased state, it is believed that the

heart switches to rely on glucose as the major fuel.

Molecular imaging using micro positron emission tomography

(microPET) with 14(R,S)-18F-fluoro-6-thia-heptadecanoic acid

(18F-FTHA) and 2-deoxy-2-18F-fluoro-D-glucose (18F-FDG) is

used to estimate changes in FA and glucose metabolism, respec-

tively, in response to cardiac stress due to cardiac hypertrophy

and HF.4,5 First synthesized by Degrado and Coenen6 in 1991,
18F-FTHA is transported into the myocardium, undergoes initial

steps of b-oxidation, and subsequently is trapped in the cell.6,7

Only a small fraction of 18F-FTHA is incorporated into trigly-

cerides. The rate of 18F-FTHA retention by the myocardium is

believed to reflect b-oxidation of the long-chain FA.6 In addition,

increased oxygen demands generated by the hypertrophied LV

increase myocardial oxygen consumption in the failing heart.8–10

In order to quantify these changes in myocardial metabolism

during the progression of hypertrophy, we performed 2 long-

itudinal microPET/computed tomography (CT) studies using

spontaneously hypertensive rats (SHRs) and Wistar-Kyoto

(WKY) control rats. The SHR is a model of LVH and HF.11,12

It has a genetic deletion variant in the CD36 FA transporter,13

resulting in defective FA metabolism, insulin resistance, hyper-

tension, and ultimately progression of LVH with age.

The purpose of these microPET/CT rat studies was to non-

invasively quantify the longitudinal alterations in myocardial

metabolism and perfusion in the SHR as a model of LVH and to

compare these alterations with WKY controls. In addition, the

studies investigated the effect of fasting and feeding on these

processes. The molecular imaging techniques that we have

developed to monitor substrate metabolism shifts during the

progression of HF could be translated directly to humans, in

order to help improve diagnosis, risk stratification, and therapy

management for patients with HF.

Materials and Methods

Our first longitudinal imaging study in 2009 to 2010 tracked

changes in glucose metabolism, FA metabolism, and perfusion

as a function of hypertrophy and age in separate rat cohorts

over their life cycle. Our second imaging study14 in 2011 to

2012 tracked changes in all of these physiological processes in

a single rat cohort over their life cycle. In the first study, the rats

were fed freely, and in the second study, the rats were fasted

overnight prior to imaging, thus we have also investigated the

effects of fasting.

We used the long-chain FA analog 18F-FTHA and glucose

analog 18F-FDG PET radiotracers to image the rats under fed or

fasted conditions. We also evaluated 18F-fluorodihydrorotenol

(18F-FDHROL), an analog of the mitochondrial complex I sub-

strate rotenone, as an indicator of perfusion in the heart.

Synthesis of Radiotracers
18F-FDG was synthesized at the University of California San

Francisco (UCSF) Radiopharmaceutical Facility using the

TRACERlab MX synthesis module (GE Healthcare, Chicago,

Illinois). Both 18F-FTHA and 18F-FDHROL were synthesized

at UCSF15 using the TRACERlab FxFN synthesis module (GE

Healthcare, Chicago, Illinois).

Animal Study Design

All imaging studies were performed in accordance with Insti-

tutional Animal Care and Use Committee–approved protocols

from both UCSF and Lawrence Berkeley National Laboratory.

The SHRs and WKY control rats were imaged at 4 to 5 time

points over their life cycle for each protocol.

The 2009 to 2010 Study

For the 2009 to 2010 study, 16 male SHRs and 16 male WKY

normotensive rats were purchased from Charles River Labora-

tories (Wilmington, Massachusetts). Imaging of 3 separate

cohorts began at approximately 6 to 9 months of age. Cohort

1 (8 SHR, 8 WKY) was imaged with 18F-FDHROL at the age

of 6, 12, 16, 18, and 21 months. Cohort 2 (4 SHR, 4 WKY) was

imaged with 18F-FDG at the age of 7, 12, 16, and 20 months.

Cohort 3 (4 SHR, 4 WKY) was imaged with 18F-FTHA at the

age of 9, 12, 16, 19, and 21 months. All rats were freely fed

standard Purina rat chow and water. The rats were not fasted

before any of the imaging studies.

The 2011 to 2012 Study

For the 2011 to 2012 study, 8 male SHRs and 8 male WKY

normotensive rats were purchased from Charles River Labora-

tories. A single rat cohort of 8 SHR and 8 WKY was imaged

using all 3 radiotracers during each time point. Imaging began

at approximately 8 months of age and the rats were imaged at

separate time points corresponding to 8 to 9, 13 to 14, 19 to 20,

and 22 to 23 months of age. During each time point, every rat

was imaged using all 3 radiotracers (18F-FDG, 18F-FTHA, and
18F-FDHROL) on separate days and separate anesthetic appli-

cations. All rats were normally freely fed standard Purina rat

chow and water, eating mostly at night. Before 18F-FDG and
18F-FTHA imaging, food was taken away the evening before

the studies, whereas the rats were not fasted for the
18F-FDHROL studies.
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Imaging Protocol

All in vivo imaging was performed using a microPET/CT scan-

ner (Inveon; Siemens Molecular Solutions, Malvern, Pennsyl-

vania). Each rat was anesthetized with *2% isoflurane and

oxygen. Electrocardiogram (ECG) electrodes were attached

to the 2 front limbs and left hind limb to acquire triggering

signals. Rats were positioned on the scanning bed with the heart

centered in the field of view. Each radiotracer was administered

via tail vein injection as a 0.5 to 1.5 mL bolus with activities of

approximately 50 MBq.

Data acquisition began at the time of injection. Dynamic

ECG-gated (BioVet System; m2m Imaging Corp, Cleveland,

Ohio) list mode PET data were acquired over 60 minutes.

After the PET acquisition, a CT scan was acquired with 120

projections of continuous rotation to cover 220� with an X-ray

tube operated at 80 kVp, 0.5 mA, and 160 milliseconds expo-

sure time.

Image Analysis

All PET data were reconstructed into 8 cardiac gates of 38 time

frames (12 � 5 seconds, 6 � 10 seconds, 4 � 30 seconds, 6 �
60 seconds, and 10 � 300 seconds). The 2-D ordered subsets

expectation maximization algorithm provided by the scanner

manufacturer was used for the PET reconstruction. Reconstruc-

tion resulted in 128 � 128 � 159 matrices with a voxel size of

0.78 � 0.78 � 0.80 mm3. The CT image was reconstructed

using a cone beam Feldkamp reconstruction algorithm

(COBRA) supplied by Exxim Computing Corporation (Plea-

santon, California) with a matrix size of 512� 512� 662 and a

voxel size of 0.19 � 0.19 � 0.19 mm3. Photon attenuation

correction was achieved using the co-registered CT-based

attenuation map.

The ECG gating was used to subdivide data sets into 8

cardiac phases to minimize cardiac motion, spillover contam-

ination, and partial volume effects. Diastolic bins of 2 to 3

cardiac phases were identified and new dynamic image

sequences were formed by summing counts in each identified

diastolic bin. By summing just the diastolic bins (Figure 1), we

improved the boundary definition in the LV myocardium. We

have found even though counts are sacrificed by creating a

dynamic sequence during the diastolic phase of the cardiac

cycle, this approach provided more accurate time–activity

curves (TACs) and estimated kinetic parameters.

The new dynamic series of framed diastolic bins were then

uploaded into the Inveon Research Workplace version 3.0

(Siemens Molecular Solutions, Malvern, Pennsylvania) soft-

ware platform. Myocardial TACs (Figure 2) were generated

by manually drawing a volume of interest (VOI) in the myo-

cardium, with care taken to avoid the myocardial border. Both
18F-FTHA and 18F-FDHROL images displayed more liver

uptake than 18F-FDG images in both rat models (Figure 1).

To minimize spillover of radioactivity from the liver to the

heart, the entire apex and mid-cavity septal wall were not

defined within the VOI for any 18F-FTHA or 18F-FDHROL

images. Tissue VOIs were selected by placing voxels in 10

consecutive midventricle slices. Only slices containing myo-

cardium in 360� were selected. The VOI consisted of approx-

imately 50 voxels.

Blood TACs were generated for each tracer using a small

region of interest (10-20 mm3) within the LV blood pool, with

care taken to avoid the boundary between the myocardium and

LV cavity. The diastolic PET images provided clear definition of

myocardium and blood pool regions, (see examples in Figure 1).

Determination of 18F-FDHROL Wash-In Rate Constant

The TACs for the manually drawn volumes of interest in the

LV myocardium and the blood input were fit to a 1-tissue

compartment model to obtain the wash-in rate constant K1 from

the LV blood pool into the extravascular and cellular spaces of

the myocardium, as well as the wash-out rate constant k2 from

out of the myocardium into the LV blood pool (Figure 3). We

estimated the rate constants by fitting the 18F-FDHROL TACs

to this single-tissue model, using a standard Inveon Research

Workplace (IRW) algorithm for the 2009 to 2010 study and a

closed-form algorithm16 for the 2011 to 2012 study. The dis-

tribution volume Vd was also calculated as the ratio of K1 to k2.

Determination of 18F-FDG and 18F-FTHA Influx Rate
Constant

The 2-tissue compartment model in Figure 3 was used as a

model of the kinetics of 18F-FDG and 18F-FTHA. It was

assumed that 18F-FDG is primarily trapped in the myocardium

and is not released as one would infer from the TAC in Figure 2;

Figure 1. Example of reconstructed microPET images. A-C, The PET
images corresponding to only ECG bins summed from 40 to 60 minutes.
D-F, The PET images corresponding to only diastolic ECG bins summed
from 40 to 60 minutes. A and D, 18F-FDG image of SHR showing
almost no liver uptake; (B and E), 18F-FDHROL image of SHR showing
substantial liver uptake; (C and F), 18F-FTHA image of SHR again showing
substantial liver uptake. ECG, electrocardiogram; FDG, fluorodeoxy-
glucose; FDHROL, fluorodihydrorotenol; FTHA, fluoro-6-thia-
heptadecanoic acid; PET, positron emission tomography; SHR,
spontaneously hypertensive rat.
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therefore, k4 ¼ 0. The myocardial influx rate constant KFDG
i for

18F-FDG was estimated using linear regression provided by the

multiple-time Patlak graphical analysis.4,17 On the other hand,
18F-FTHA is slowly released from the myocardium as observed

with the TAC in Figure 2; therefore, k4 6¼ 0 in Figure 3. How-

ever, in our analysis, we assumed that k4 was small and used the

Patlak graphical analysis to estimate the influx rate constant

KFTHA
i for 18F-FTHA. For the Patlak graphical analysis, the last

10 time frames (10-60 minutes) were used to determine KFDG
i

and KFTHA
i .

Glucose, Insulin, and FFA Analyses

Approximately 1 mL of blood was drawn from the tail vein

of each rat immediately following either the 18F-FDG or

18F-FTHA imaging study. Each sample was spun in an Eppen-

dorf 5415D microcentrifuge for 10 minutes at 10,000 rpm. The

plasma was separated, immediately stored at �80�C, and then

sent to Ani Lytics Inc. (Gaithersburg, MD, USA) Glucose,

insulin, and FFA concentrations were measured using a Roche

Hitachi 717 Chemistry Analyzer (Roche Diagnostics, Indiana-

polis, IN, USA).

Statistical Analysis

Two-way analysis of variance (ANOVA) was used to deter-

mine the main effect of contributions from each independent

variable (i.e. rat model or time) and was also used to identify

possible interaction effects between variables. In addition,

Welch unpaired t test was used to compare the mean of the

Figure 3. One-tissue compartment model (left) and 2-tissue compartment model (right) that model the perfusion and metabolic kinetics,
respectively.

Figure 2. Example TACs for the entire 60-minute acquisition from 2009 to 2010 studies. A-C, Examples of TACs for blood and LV myocardium
for SHR animals. D-F, Examples of TACs for blood and LV myocardium for WKY animals. A and D, 18F-FDG TACs; (B and E) 18F-FDHROL
TACs; (C and F), 18F-FTHA TACs. FDG indicates fluorodeoxyglucose; FDHROL, fluorodihydrorotenol; FTHA, fluoro-6-thia-heptadecanoic
acid; LV, left ventricular; TACs, time–activity curves.
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2 rat models with unequal variances at a given time point, as

well as to compare the postmortem heart to body weight ratio.

The use of Welch’s unpaired t-test is indicated explicitly in this

article. P values less than .05 were considered statistically

significant for all tests.

Results

The number of rats imaged at each time point throughout the

longitudinal study decreased because some of the rats died.

The SHRs died because of cardiac failure due to cardiac

hypertrophy. Some of the WKY rats were killed earlier than

the 2 years because of fatty tumors. At times, there were

acquisition problems where the animals moved and the data

were not acceptable for analysis.

18F-FDHROL Kinetics in Myocardial Tissue (Perfusion)

The TACs demonstrated that 18F-FDHROL was rapidly taken

up in the myocardium and rapidly extracted from the LV blood

pool (Figure 2). The 1-tissue compartment model fit of the

wash-in rate constants (K1) is shown in Figure 4. A 2-way

ANOVA indicated that the SHRs demonstrated a significantly

higher 18F-FDHROL wash-in rate constant (P¼ 5� 10�6) and

distribution volume (P¼ 3 � 10�8) than the WKY controls for

the 2011 to 2012 study, whereas no significant difference for

these factors was seen between rat models for the 2009 to 2010

study (P ¼ .1; Table 1). The distribution volumes were 7.12 +
2.07 (range: 5.40-9.54) and 9.03 + 1.18 (range: 5.18-14.81) for

WKY and SHR, respectively, in the 2009 to 2010 study, and

6.6 + 1.6 (range: 6.0-7.6) and 10.3 + 1.0 (range: 7.2-18.9) for

WKY and SHR, respectively, in the 2011 to 2012 study. The

distribution volume is expected to increase with hypertrophy

due to an increase in collagen that creates an increase in inter-

stitial space.

18F-FDG Kinetics in Myocardial Tissue (Glucose)

The uptake of 18FDG as a function of time in the WKY and

SHR is shown in Figure 2. It is seen that the amount of glucose

uptake (integral over time) was greater in the SHR than the

WKY. It has been reported that isoflurane can produce a hyper-

glycemic effect.19 This is probably why we consistently saw

uptake in both the WKY and SHR, while in humans, it may be

virtually nonvisible without glucose loading.

A 2-way ANOVA indicated that the SHRs demonstrated a

significantly higher 18F-FDG myocardial influx rate constant

KFDG
i than the WKY controls under both fed (P ¼ 4 � 10�8)

and fasted (P ¼ 3 � 10�8) conditions (Figure 5). The 18F-FDG

influx rate constant KFDG
i decreased with age for all rats when

fasted (P ¼ .03), but no significant trend was seen with age

when fed (P ¼ .2).

A 2-way ANOVA of blood data indicated that glucose

concentrations were significantly lower for the SHRs than

the WKY controls under fed (P ¼ 2 � 10�6) and fasted

(P ¼ 6 � 10�12) conditions (Table 2). Moreover, when fasted,

a significant age-dependent increase in glucose plasma concen-

tration was apparent in the controls (P < 2 � 10�5) but not in

the SHRs. In comparison, insulin concentrations were signifi-

cantly higher for the SHRs than the WKY rats (P ¼ 3 � 10�3)

when fasted, whereas no significant difference was observed

between models under fed conditions (P ¼ .4). When fasted,

Figure 4. The 18F-FDHROL wash-in rate constant (K1) in myocardium as a function of age for the (A) 2009 to 2010 study and (B) 2011 to 2012
study. For both studies, the rats were not fasted. The 2009 to 2010 study was fit to a single-tissue compartment model using the standard
nonlinear algorithm implemented in IRW provided by the scanner manufacturer, whereas the data from the 2011 to 2012 study were fit using an
analytical closed-form method.16 FDHROL indicates fluorodihydrorotenol; IRW, Inveon Research Workplace.

Table 1. Summary of Perfusion Results.

2009 to 2010 2011 to 2012

FDHROL wash-in rate constant Not significant SHR > WKY
Distribution volume Not significant SHR > WKY

Abbreviations: FDHROL, fluorodihydrorotenol; SHR, spontaneously hyperten-
sive rat; WKY, Wistar-Kyoto.
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there was an age-dependent decrease seen in insulin concentra-

tions when both models were pooled together (P ¼ .05). In

contrast, no significant dependency in insulin concentrations

was observed with models pooled together when fed.

18F-FTHA Kinetics in Myocardial Tissue (FA)

For both rat models and diet modalities, the TAC generated

from each myocardial VOI displayed an increased 18F-FTHA

activity, followed by a plateau after roughly 4 minutes,

and then a gradual decline that was faster than the blood

(see Figure 2). The whole blood TAC showed a rapid wash-

out from the blood.

The myocardial influx rate constant KFTHA
i as a function of

age for both animal models is shown in Figure 6. A 2-way

ANOVA indicates that the SHRs demonstrated a significantly

lower 18F-FTHA myocardial influx rate constant KFTHA
i than

the WKY controls when fed (P ¼ .007), whereas a reverse

trend is seen when fasted but it was not significant (P ¼ .1).

An elevated rate of FA oxidation is expected at early time

points due to fasting. As hypertrophy progressed in the SHR,

we observed the expected downregulation of FA oxidation, but

the trend was not significant within measurement errors.

A 2-way ANOVA of blood data indicates that FFA concen-

trations were significantly lower for the SHRs than the WKY

controls under fed conditions (P ¼ 4 � 10�4), whereas no

significant difference was observed between models under fast-

ing conditions (P ¼ .4; Table 3). Although no significant dif-

ference was seen under fasting conditions, a significant

interaction between rat model and time was manifested as an

age-dependent increase for the SHR (P < 7 � 10�6).

Hypertrophy

Measurements of heart to body weight ratios of the SHRs

were almost 2 times higher than the WKY rats at the time

of death, which is indicative of a hypertrophied heart in the

SHR model. For the 2009 to 2010 study, the heart to body

weight ratio was 0.0037 + 0.0006 at an average age of 20.4

+ 3.7 months for the WKY controls and 0.0062 + 0.0013 at

an average age of 18.3 + 2.1 months for the SHRs. For the

2011 to 2012 study, all 8 SHRs developed hypertrophy with a

life span of 20 + 3 months. The heart to body weight ratio

was 0.0037 + 0.0003 for the controls and 0.0068 + 0.0012

for the SHRs. Fluid in the lungs and dilated cavity volumes

were also visible for the SHRs indicative of a hypertrophied

heart with congestive HF.

Discussion

This is the first study to longitudinally monitor substrate shifts

in myocardial FA and glucose metabolism, under both fed and

fasted conditions, with in vivo imaging during the progression

of HF in a rat model of LVH. This article presents the results

of the 2009 to 2010 study when the rats were fed and com-

pares these results with the 2011 to 2012 study14 when the rats

were fasted.

Metabolic Imaging

Our findings of increased glucose metabolism in the failing

heart are consistent with findings in the literature.20–22

Throughout all of our animal studies, glucose metabolism has

Figure 5. The 18F-FDG influx rate constant KFDG
i in myocardium as a function of age for the (A) 2009 to 2010 fed study and (B) 2011 to 2012

fasted study. The Patlak method4,17 was used to calculate influx rate constant. FDG indicates fluorodeoxyglucose.

Table 2. Summary of Glucose Results.

Fed Fasted

FDG influx rate constant SHR > WKY SHR > WKY
Blood, glucose SHR < WKY SHR < WKY
Blood, insulin SHR > WKY Not significant

Abbreviations: FDG, fluorodeoxyglucose; SHR, spontaneously hypertensive
rat; WKY, Wistar-Kyoto.
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been consistently greater in the hypertensive SHRs compared

to WKY controls. In our preliminary 2003 to 2005 study,23

even though this was a small sample size, glucose metabolism

was observed to be greater in the SHR than the WKY control

when fed and glucose metabolism decreased with age in both

rat models. Whereas in our 2009 to 2010 study, there was no

significant trend when fed for all animals (P ¼ .2), though a

decrease in glucose metabolism was observed with age in our

2011 to 2012 study when fasted (P ¼ .03). Moreover, when

fasted in our 2011 to 2012 study, a significant age-dependent

increase in glucose plasma concentration was apparent in the

controls (P < 2� 10�5) but not in the SHRs. In addition, fasted

insulin concentrations were significantly higher for the SHRs

than the WKY rats (P ¼ 3 � 10�3), whereas when fed, no

significant difference was observed between models (P ¼ .4).

The higher insulin levels and lower glucose levels in the blood

of the SHR model relative to control have been previously

determined using the SHR model13 and with HF patients.3 The

elevated insulin levels likely stimulate glucose uptake and

metabolism by the heart. Additionally, we observed increased

KFDG
i in the SHR at early ages, 8 to 9 months, which is con-

sistent with the findings of Hajri et al.13

The FA metabolism appeared lower for SHRs than WKYs

with feeding, whereas a reverse trend was seen with fasting, but

it was not significant. Our previous longitudinal study using

dynamic single photon emission computed tomography

(SPECT) imaging of 123I- b-methyl-p-123I-Iodophenyl-Penta-

decanoic Acid (123I-BMIPP) also indicated a higher FA

metabolic rate when fed in 2 control rats compared with 2

SHRs at 14 months, as well as a general decrease in FA meta-

bolic rate with age in both models.19 Using the same FA analog

BMIPP but tagged with 125I, Hajri et al13 found (different from

us) reduced FA oxidation in the heart of the fasted SHRs com-

pared with WKY controls. As age and LVH progressed in the

SHRs in both the 2009 to 2010 study and the 2011 to 2012

study, we observed a hint of a downregulation of FA oxidation

with age, but this trend was not significant with our measure-

ment errors. We feel the differences in the FA uptake rate

observed in our 123I-BMIPP SPECT24 and 2009 to 2010 18F-

FTHA microPET studies and those of our 2011 to 2012 18F-

FTHA microPET study are due to the fact that in the latter

study the SHRs were fasted and in the former studies they were

fed. For both rat models, fasting is expected to increase the

circulating FFAs, which are preferentially oxidized by the

heart. Although the measurement of circulating FFA plasma

concentrations showed no significant difference between mod-

els when time was ignored (P ¼ .4), an age-dependent increase

in the SHR FFA levels relative to the control was seen (P < 7�
10�6). A similar increase in plasma FFA concentrations has

also been seen in HF patients in the late stages of the disease.25

It has also been reported that a normal or slightly elevated rate

of FA oxidation is observed at the early stage of HF, but as

LVH progresses, there is a downregulation of FA oxidation.3

This longitudinal evaluation provided the ability to study

metabolic changes during the progression of LVH in the SHR

model. The PET/CT techniques used in this study could also be

used to monitor substrate metabolism shifts in patients with

LVH and potentially help improve diagnosis and therapy man-

agement. The separation of the trends with disease and age can

be difficult because hypertrophy continues to increase with age

as we observed in the measures of heart to body weight ratios.

In advanced age of the normal rat, the resting myocardial oxy-

gen consumption (MVO2) and cardiac work remain intact;

however, cardiac efficiency achieved at high demand are

decreased with age, compared to the young.26 It is possible that

Figure 6. The 18F-FTHA influx rate constant KFTHA
i in myocardium as a function of age for the (A) 2009 to 2010 fed study and (B) 2011 to 2012

fasted study. The Patlak method4,17 was used to calculate influx rate constant. FTHA indicates fluoro-6-thia-heptadecanoic acid.

Table 3. Summary of Fatty Acid Results.

Fed Fasted

FTHA influx rate constant SHR < WKY SHR > WKY
Blood, FFA SHR < WKY Not significant

Abbreviations: FFA, free fatty acids; FTHA, fluoro-6-thia-heptadecanoic acid;
SHR, spontaneously hypertensive rat; WKY, Wistar-Kyoto.
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during aging or pathological conditions, restricted diffusion of

biochemical intermediates may lead to a decrease in the avail-

ability of the substrates.

Diabetes. It is well known that hypertension and diabetes fre-

quently coexist and the combination causes more extensive

structural and functional changes in the heart than either con-

dition alone.27–29 In our work, we did not study the effects of

diabetes. Even though the SHR appears to be diabetic, we feel

that the metabolic changes did not represent a diabetic condi-

tion. The SHR model has a genetic defect resulting in the

deficiency of the membrane FA transporter CD36, which

impairs transport of long-chain FAs across the cell membrane,

causes hyperinsulinemia, and thus results in higher levels of

insulin relative to glucose circulating in the blood. However,

the SHR diabetic model is obtained with the added injection of

streptozotocin. The streptozotocin causes the pancreas to swell

and reduces b-cell mass (the insulin-producing cells) in the

Langerhans islets of the pancreas.30 Diabetes is made complete

by glucotoxicity, causing secondary diabetic b-cell failure

through hyperglycemia-stimulated pathways.31 In one study,

it was found that diabetes and hypertension impair the expres-

sion of a1-adrenergic receptors (a1A and a1D) and angiotensin

II receptors (AT1 and AT2) in the aorta after 4 weeks of the

onset of diabetes.32 In another study, it was found that apoc-

ynin reduces oxidative stress, commonly found with diabetes

and hypertension, independently of nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase activity and does

not change ventricular or myocardial function.33 It has also

been seen in the SHR diabetic model that enhancing the Ang-

(1-7)-Mas-R-nNOS system was beneficial in preventing car-

diovascular dysfunction and vulnerability related to diabetic

hypertension.34

Imaging methods for early diagnosis of diabetes and for mon-

itoring response to therapy fall into 2 categories: (1) directly

imaging b-cells of the pancreas and (2) imaging brown adipose

tissue (BAT) to follow therapy related to increasing energy

expenditure of BAT for those with obesity and/or diabetes.

While 18F-FDG PET/CT is used in imaging pancreatic cancer,

the most promising imaging tracers for imaging b-cell expres-

sion are those that target glucagon-like peptide 1 receptor

(GLP-1R) as it is specifically expressed on b-cells, and

exendin-4, a specific agonist of the receptor.35 The PET/CT with
18F-FDG is the most widely used method to image BAT.36,37

Studies show that BAT activity is negatively correlated with body

mass index and diabetic parameters and thus is a potential target

for monitoring therapy for obesity and diabetes. The BAT

demonstrates strong insulin and cold (without insulin) sensi-

tivity with regard to glucose uptake, which suggests BAT per-

forms functions of energy dissipation and thermoregulation.

Imaging studies with 18F-FDG in the SHR model also suggest

that increased glucose utilization in BAT may be associated

with higher sensitivity of adipose tissue to insulin action.38

Athletic heart. The athletic heart develops cardiac hypertrophy

as a beneficial adaptation to exercise training.39,40 The

substrate utilization in the athletic heart is associated with

enhanced FA and glucose oxidation, whereas pathological

cardiac hypertrophy entails decreased FA oxidation and

increased glycolysis.39,41 This switch in substrate utilization

in pathological cardiac hypertrophy contributes to the devel-

opment of cardiac hypertrophy and failure.42,43 The reduced

FA oxidation in hypertrophied hearts in 16-week-old SHRs

may be partly due to the downregulation of short-chain acyl-

CoA dehydrogenase (SCAD), which is the enzyme in the

conversion of butyryl-CoA to acetyl-CoA.44 Compared with

WKY rats, Huang et al44 found that rates of glycolysis were

significantly increased in the SHR, whereas rates of FA oxi-

dation were significantly decreased with age in the SHR.

Other studies with exercised training in Sprague-Dawley rats

suggest that SCAD is significantly upregulated in exercise-

induced cardiac hypertrophy.45 Increasing the expression of

SCAD by peroxisome proliferator-activated receptor alpha

(PPAR-alpha) ligand fenofibrate treatment inhibited patholo-

gical cardiac hypertrophy.44

Perfusion Imaging
18F-FDHROL demonstrated outstanding flow versus extraction

characteristics, proving it to be an outstanding PET radiotracer

for analyzing perfusion. In our experience compared with
18NH3, 18F-FDHROL provides improved contrast of the myo-

cardium to background with very little uptake in the lung. Even

though the SHR model was fed in both 18F-FDHROL studies, it

demonstrated a significantly higher wash-in rate constant

(P ¼ 5 � 10�6) and distribution volume (P ¼ 3 � 10�8) than

the WKY control for the 2011 to 2012 study, whereas no sig-

nificant difference was observed for the 2009 to 2010 study

(P ¼ 0.1; Table 1). Previous results by others indicated that

fasted SHRs showed an increase in perfusion compared to

controls, corresponding to an increase in aerobic metabolism.10

It may be that the increase in perfusion in our study was also an

indication of an increased anaerobic metabolism because of the

increase in glucose metabolism. It may also be due to increased

aerobic metabolism, but we did not verify this—we did not fast

the animals before the 18F-FDHROL study and we did not

measure perfusion at the exact same time as the glucose and

FA metabolism during our 2011 to 2012 study.

Heart failure with preserved ejection fraction. The SHR model has

also been used to study heart failure with preserved ejection

fraction (HF-PEF), which leads to pulmonary congestion

because of impaired diastolic filling. The HF-PEF affects those

with a long history of hypertension or metabolic risk factors.

Marzak et al46 reported that aging SHRs develop HF-PEF as

indicated by impaired LV relaxation, fibrosis, and hypertrophy,

but contractility was preserved. As discussed above, in our

studies, all SHRs developed hypertrophy as measured by the

heart to body weight ratios. The SHRs also demonstrated a

significant age-dependent increase in end-diastolic volume

(EDV), whereas the control stayed constant with age.14 This

is in line with the results of Marzak et al46 of impaired LV
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relaxation. However, our results differ with that of Marzak

et al46 in that we saw early on a preserved left ventricular

ejection fraction, but this significantly decreased in the sec-

ond year of life, manifested as an age-dependent decrease in

the SHR and an age-dependent increase in the control.14 In the

results by Marzak et al,46 SHRs developed a progressive

alteration of the early diastole, whereas systolic function

evaluated by echocardiography and invasive catheterization

was preserved. At the end of the longitudinal study, an

increase in collagen synthesis and deposits was identified

in subendocardial layers, which we have also observed.47

Limitations

The main limitations of these studies were the small sample

size of animals and the limited physiological data without

blood pressure and metabolite measurements. The 2009

to 2010 study began with 8 SHR and 8 WKY rats in the
18F-FDHROL cohort; 4 SHR and 4 WKY rats in the 18F-FDG

cohort; and 4 SHR and 4 WKY rats in the 18F-FTHA cohort.

This study ended with 1 SHR and 4 WKY rats for the
18F-FDHROL cohort; 0 SHR and 2 WKY rats for the 18F-FDG

cohort; and 1 SHR and 1 WKY rat for the 18F-FTHA cohort

during the last time point at approximately 18 months of age.

The 2011 to 2012 study began with 8 SHR and 8 WKY rats and

ended with 1 SHR and 4 WKY rats during the last time point at

about 2 years of age. Thus, the value determined for any given

parameter at the last time point is not very precise and is not

representative of the entire cohort of SHRs. Experimental cir-

cumstances such as motion during the acquisition and inability

to inject the tracer in the tail vein also limited the sample size at

some time points.
18F-FTHA is more complicated to model because of the slow

release of metabolites from the myocardium. The ability to cor-

rect for these metabolites offers more accurate kinetic modeling.

However, obtaining blood samples is a difficult task that can

lead to serious blood depletion.

Conclusion

Longitudinal evaluation provides a means of studying metabolic

changes during the progression of LVH in the SHR. In all of our

imaging studies14,23—including the studies presented in this arti-

cle—glucose metabolism is consistently elevated in the hyper-

tensive SHRs compared to the normotensive WKY controls. The

observed increase (though not significant) in FA metabolism

with fasting in the SHR model was somewhat a surprise, because

the reverse was observed in another study performed by others.13

When fed the SHRs metabolized primarily glucose. As the 2009

to 2010 study and our previous work19 showed, FA metabolism

was less with the SHRs than with the WKY controls. The SHRs

had an increase in perfusion for the 2009 to 2010 study, indica-

tive of an increased aerobic metabolism, even though these ani-

mals were not fasted before the perfusion studies. The SHR

animals also had greater distribution volumes than the WKY

controls indicative of increased cardiac hypertrophy.

Hypertrophy was evidenced by the reliance on glucose

oxidation-driven cardiac metabolism, elevated levels of circu-

lating FFA and insulin plasma concentrations, lower levels of

glucose plasma concentrations, and increased blood flow,

which are needed to support the increased oxygen demands

of the failing heart. In addition, hypertrophy was verified struc-

turally by elevated EDV, increased heart to body weight ratios,

and increased collagen content.

Our work and studies by others48–51 clearly show that meta-

bolism in LVH becomes maladaptive. Thus, there is a need for

metabolic therapies that can improve cardiac performance and

prevent or reverse the progression of LV dysfunction and remo-

deling.3 The optimization of cardiac substrate metabolism

using metabolic agents—such as FA oxidation inhibitors3 or

intervention with metformin52 that improves glucose metabo-

lism—may prevent a diminishing contractile function and a

remodeling of cardiac structure in LVH. The techniques devel-

oped in our present imaging studies to monitor substrate meta-

bolism shifts in the progression of LVH in rats could be

translated to humans to help evaluate and develop therapeutic

protocols directed at preventing and managing LVH. The use

of animal models is valuable in studying the many facets of the

disease process.
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