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8F-FDG PET can identify areas of myocardial viability and ne-
crosis and provide useful information on the effectiveness of
experimental techniques designed to improve contractile func-
tion and myocardial vascularization in small animals. The left
ventricular volume (LVV) and left ventricular ejection fraction
(LVEF) in normal and diseased rats were measured in vivo using
the high-resolution avalanche photodiode (APD) small-animal
PET scanner of the Université de Sherbrooke. The measure-
ments obtained by PET were compared with those obtained by
high-resolution echocardiography and with known values ob-
tained from a small, variable-volume cardiac phantom. Meth-
ods: List-mode gated '8F-FDG PET studies were performed
using the APD PET scanner on 30 rats: 11 healthy, 4 under
septic shock, and 15 with heart failure induced by ligature of the
left coronary artery. PET images were resized to match human-
scale pixels and analyzed using a standard clinical cardiac
software program. The LVV and LVEF from the same animals
were also evaluated by echocardiography. Results: Agreement
was excellent between the endocardial volumes determined by
PET and the actual volumes of the cardiac phantom (2 = 0.96).
Agreement between PET and echocardiography for LVV ranged
from good in healthy rats (2 = 0.89) to fair in diseased rats (2 =
0.49). Agreement was fair between LVEF values measured by
the 2 methods (r? = 0.56). Normal rats had an average LVEF of
83.2% = 8.0% using PET and 81.6% = 6.0% using echocar-
diography. In rats with heart failure, LVEF was 54.6% = 15.9%
using PET and 54.2% = 13.3% using echocardiography. Con-
clusion: Both PET and echocardiography clearly differentiated
normal rats from rats with heart failure. Echocardiography is fast
and convenient, whereas list-mode PET is also able to assess
defect size, myocardial viability, and metabolism.
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PET has found many applications in cardiology and is
routinely used for the assessment of myocardial ischemia
and viability and for the diagnosis of various other heart
diseases1-3). In addition to providing images of cardiac
perfusion, metabolism, or receptor densities, depending on
the agent used, PET can measure left ventricular volume
(LVV) and left ventricular ejection fraction (LVEF) through
application of cardiac gating technique4).( Combining
these measurements with studies of blood flow or myocar-
dial viability is a powerful way to noninvasively assess the
impact of heart disease on ventricular function and remod-
eling. In the experimental setting of small-animal studies,
the ability to noninvasively monitor over time the recovery
of the heart after myocardial injury with such parameters as
LVEF, LVV, infarct size 6), and blood flow can be quite
useful. Specifically, small-animal PET techniques could be
used to monitor the effects of experimental treatments de-
signed to improve myocardial recovery and efficiency by
following animals over time nondestructively.

18F-FDG PET is based on a trapping mechanismépg#
FDG after phosphorylation by the cellular hexokinase, pro-
ducing a good target-to-background ratio in the hyperinsu-
linemic state §) and allowing the acquisition of gated
cardiac studies. Several methods have been described to
calculate LVV and LVEF with SPECT using gated
myocardial perfusion imageg-11). In humans, these tech-
nigues are applicable to gaté#-FDG PET as well 12—
15). The aim of the present work was to use the small-
animal PET scanner of the Universitlee Sherbrooke to
measure LVV and LVEF in rats and to correlate these
measurements with values obtained by high-resolution
echocardiography. A validation was also made against a
small cardiac phantom designed to simulate the rat heart.

MATERIALS AND METHODS

Phantom Studies

The phantom used for experimental validation and calibration
measurements was developed at our facility and was designed to
mimic a ventricular cavity with active myocardial walls. Built

1655



around the 13-mm-diameter end of a 3-mL plastic syringe simu-
lating the valvular base of arat heart, the phantom was made of a
dual layer of thin rubber membrane forming an internal inflatable
cavity and a dual-layer, fixed-volume, extensile wall that can be
filled with radioactive material (Fig. 1). Water was added to the
internal ventricular cavity of the phantom to model volumes rang-
ing from 150 to 1,000 p.L. Three separate phantoms were built and
measured independently to provide triplicate points for each vol-
ume. Smaller volumes could not be achieved because of the
technical challenge of building an internal cavity that could be
measured accurately using a syringe while withstanding expansion
to larger volumes without breaking up.

Static PET images of the phantom were acquired for each LVV
using the same sequence of bed positions and sampling motion as
for the rat hearts (described below). The PET images were subse-
quently assembled into series of frames simulating an electrocar-
diography (ECG)-gated cycle of arat heart that could be analyzed
with quantitative cardiac analysis software.

In Vivo Studies

The investigation was performed on a population of 30 mae
Sprague-Dawley rats (Charles River Canada) ranging in weight
from 200 to 500 g. The animalswere divided into 3 groups: normal
(n = 11), septic shock (n = 4), and myocardia infarct (n = 15).
The septic shock was induced by intraperitoneal administration of
Escherichia coli toxin, whereas the infarct was created by ligature
of the anterior coronary artery. PET was performed about 24 h
after induction of septic shock. All infarcted rats were imaged in a
chronic stage at least 13 d after ligature. The animals were allowed
free access to food and water before imaging. All animal experi-
ments were conducted in accordance with the recommendations of
the Canadian Council on Animal Care and the local Ethics Com-
mittee for Animal Research.

Imaging with PET

Sixty minutes before 18F-FDG administration, a subcutaneous
injection of dextrose (0.5 g/kg of body weight) was given to
enhance 8F-FDG uptake in the myocardium. 8F-FDG PET was
performed while the animals were under isoflurane anesthesia

Heart phantom Systole Diastole

Inflatable wall ("® F-FDG)
Internal chamber (water) (150-1000 pL)

—

Vascular plane (3 mL syringe)
Diameter, 13 mm

Gated PET '"*F-FDG

FIGURE 1. Schematic of heart phantom showing variable-
volume internal chamber filled with water and sealed, fixed-
volume dual-layer wall filled with 8F-FDG. Phantom can accom-
modate endocardial volume ranging from 150 to 1,000 plL.
Shown on right is example of systolic (300 p.L) and diastolic (900
L) images extracted by QGS analysis of simulated series of
gated PET images of phantom. SA = short axis; HLA = hori-
zontal long axis; VLA = vertical long axis.
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(1%—2%) in spontaneous respiration. Physiologic parameters such
as body temperature, blood gas saturation, and respiratory and
heart rates were carefully monitored throughout imaging to ensure
stable and reproducible conditions. ECG-gated cardiac PET im-
ages were obtained 30 min after the intravenous administration of
111-185 MBq of 8F-FDG. The data were acquired using the
Sherbrooke small-animal PET scanner, the first high-resolution
PET device based on avalanche photodiode (APD) detectors
(16,17), achieving a transaxial resolution of 2.1 mm in full width
at haf maximum and a 14-pL volumetric resolution (18). The
scanner consists of 2 detector rings defining 3 imaging planes at an
average distance of 2.75 mm. Typica heart rates during acquisi-
tion were about 375 (between 300 and 400) beats per minute.
Gated PET images of the entire heart were acquired at 3 successive
bed positions 8.25 mm apart for 20 min each and included axial
bed motion and transaxial detector motion at each step to increase
data sampling and improve resolution. The list-mode data acqui-
sition allowed recording time stamps as well as gating signals, so
that the data could be resorted with great flexibility in less than a
minute. The output ECG signal from a model 7000-3P device
(AccuSync) was fed into the PET acquisition system. To insert the
gating signalsin the list-mode data, the acquisition system dynam-
icaly calculated the average duration of previous cardiac cycles
(8-32). For each cycle, 16 equally spaced gating signals were
inserted prospectively into the list-mode data. When the duration
of acycle differed from the moving average by more than a preset
tolerance level (typicaly +12%), the data acquisition was auto-
matically disabled until stable conditions were observed over afew
cycles (usually 8). At a rate of 375 heartbeats per minute, the
accuracy of the 16 time marks generated during 1 cycle was 0.3
ms. Each gate had an average duration of 10 msec for a total
cardiac cycle of 160 msec.

The PET data were framed according to the electrocardiogram
and were reconstructed as a series of adjacent 2-dimensional slices
using 25 iterations of the maximum-likelihood expectation maxi-
mization (19) algorithm. The final cardiac image data were ob-
tained as a series of 16 ECG-gated frames, each formed by
fifty-four 128 X 128 two-dimensional images with a voxel size of
0.475 X 0.475 X 0.458 mm. The cardiac volumes were reoriented
using commercialy available software (ECAT 7.2; Siemens Med-
ica Systems) and processed by applying a gaussian smoothing
filter of 1.5 mm in plane and 2.5 mm across planes. After reori-
entation, the pixel size had to be multiplied by a scaling factor to
adapt the rat heart size to approximate human dimensions. This
adjustment was necessary because some geometric assumptions
were made for automated myocardial wall detection by the Quan-
titative Gated SPECT (QGS) software (Cedars-Sinai Medical Cen-
ter) (7—8) used to process the gated image series. Several scaling
factors between 10 and 30 were empirically tested, with optimal
results obtained using a fixed value of 20. The QGS software
provides several data, including polar maps indicating wall motion
and thickening and LVV, which alowed us to extract the LVEF
with confidence. Typical gated cardiac images obtained from rats
are illustrated in Figure 2.

Echocardiography

Within 48 h of the PET measurement, 2-dimensional M-mode
echocardiograms were acquired from the same animals, also under
isoflurane anesthesia, using a Sonos 5500 ultrasound unit
(Hewlett-Packard Co.) equipped with an S12 pediatric probe (5-12
MHz, 89-Hz refresh, 2-cm depth). LVV measurements were ob-
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FIGURE 2. Results of QGS-analyzed, ECG-gated '8F-FDG
PET of normal and infarcted rats using Sherbrooke small-animal
PET scanner. EF = ejection fraction.

tained from the cubed left ventricular short-axisinternal dimension
at end systole and end diastole, using the included commercial
software. The same investigator performed all echocardiographic
measurements and analyses to minimize variability. The same
anesthetic procedure was used for PET and echocardiography to
minimize hemodynamic variables.

Data Analysis
The LVEF was computed from the LVV as follows:

EDV — ESV
— X

LVEF = EDV

100,

where EDV and ESV are the end-diastolic and end-systolic vol-
umes, respectively.

The relationship between the measurements obtained from PET
and those from echocardiography was assessed through linear
regression and Bland-Altman plots. The LVEF vaues from PET
and echocardiography were compared using 2-tailed paired t tests.
The LVEF values from both modalities were also compared be-
tween noninfarcted and infarcted rats using 2-tailed unpaired t
tests. The parameters of the regression analysis that are reported
are r? and SEE. All statistical analyses were performed using
PRISM 3.0 (GraphPad Software).

RESULTS

The rat heart phantom was used to evaluate the accuracy
of the QGS image processing results. Because the phantom
consisted of an inflatable heart chamber with a wall that
could be filled with an 8F solution (Fig. 1), various heart
volumes ranging from 150 to 1,000 pL were simulated. An
excellent correlation (r2 = 0.96) was found between the
actual phantom volumes and the volumes obtained by QGS
processing of the PET images, as shown in Figure 3. The QGS
PET volumes were obtained by multiplying caculated QGS
volumes by a factor of 0.115 extracted by linear regression of
QGS volumes and actual volumes in the phantom.

We also compared rat heart LVV and LVEF obtained
from PET with those from echocardiography. To cover a
wide range of values, we used normal rats as well as rats
whose heart function was altered through surgical liga-
ture of the descending coronary artery or by induction of
septic shock. This latter group was included to provide
intermediate LVEF values between severely abnormal
(after infarction) and normal hearts to increase the range
of data available to draw a regression curve, not for
analysis as a separate group. The number of animals was
too small to draw definitive conclusions about this group
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FIGURE 3. Correlation between endocardial volume of cardiac phantom and volume determined using QGS: linear regression
analysis of measurements performed in triplicate (A) and Bland-Altman plot (B). S, = SEE.
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FIGURE 4. Correlation between ventricular end-systolic and end-diastolic volumes measured by gated PET and echocardiog-
raphy in healthy rats (n = 11): linear regression (A) and Bland-Altman plot (B). Echo = echocardiography; S, = SEE.

independently. The values obtained by PET and echocar-
diography for the diastolic and systolic LVV and the
LVEF are presented in Figures 4—6. Table 1 summarizes
the mean values and SD of the LVV and LVEF for the
normal and infarcted rats. The average LVEF in normal
rats was 83.2% =+ 8.0% with PET and 81.6% = 6.0%
with echocardiography. The average LVEF in infarcted
rats was 54.6% = 15.9% with PET and 54.2% + 13.3%
with echocardiography. We noticed a significant differ-
ence in the measured parameters between healthy and
infarcted rats for both PET (P < 0.001) and echocardi-
ography (P < 0.001). No differences in average LVEF
measurements were noted between PET and echocardi-
ography for healthy rats (P = 0.60) or infarcted rats (P =
0.92). Overall, myocardial infarction resulted in amarked

decrease in the LVEF, accompanied by an increase in
both the diastolic and the systolic volumes, compared
with values obtained from healthy rats. Agreement was
excellent between the average LVV and LVEF deter-
mined by PET and echocardiography for normal rats. In
the infarct group, endocardial volumes measured by
echocardiography showed greater dispersion than those
measured by PET, although the average LVEF values
determined by the 2 methods were similar. Likewise, the
correlation between LVV measured by either PET or
echocardiography was much higher for normal rats (r2 =
0.89) than for diseased (ischemic or septic) rats (r?2 =
0.49) (Figs. 4 and 5). For LVEF, the correlation between
PET and echocardiographic measurements was fair (r? =
0.56) (Fig. 6).
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FIGURE 5. Correlation between ventricular end-systolic and end-diastolic volumes measured by gated PET and echocardiog-
raphy in infarcted (n = 15) and septic (n = 4) rats: linear regression (A) and Bland-Altman plot (B). Echo = echocardiography; S, , =
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FIGURE 6. Correlation between LVEF measured by gated PET and echocardiography for normal (n = 11), infarcted (n = 15), and
septic (n = 4) rats: linear regression (A) and Bland-Altman plot (B). Echo = echocardiography; S, = SEE.

DISCUSSION

Small-animal PET scanners are becoming increasingly
popular tools for biomedical research. The ability to sequen-
tially monitor the same animal over time, assess biochem-
ical processesin vivo, and demonstrate nondestructively the
effect of a new drug or the expression of new genes has
brought the once-limited field of small-animal PET to the
forefront of the molecular medicine revolution. Within the
framework of a research project to develop novel pharma-
cologic, cellular, and gene therapies designed to regenerate
infarcted myocardial tissues after coronary occlusion,
small-animal PET was used to assess the efficacy of the
treatments in a rat model. During planning of the research
protocol to assess serial changesin infarct size and substrate
use in response to therapy, it became obvious that methods
to monitor parameters of cardiac function (e.g., myocardial
wall thickness, LVV, and LVEF) over time in the same
animals would add important information. Considering that
the cardiac image quality achieved using PET in rats was
grossly equivalent to that achieved in humans using SPECT,

it was anticipated that similar imaging techniques and meth-
ods of analysis could readily be implemented to extract the
cardiac function parameters. Because the Sherbrooke APD
PET scanner uses list-mode data acquisition, the addition of
cardiac gating signals to the data flow was simple, and
retrospective reframing of the studies was possible. Gating
caused no loss of data, and adding this information to the
BE-FDG cardiac procedure had few drawbacks, except for
slightly longer acquisition times.

There have been few reports on the measurement of
cardiac parameters in small animals by PET (20,21), and
such measurements in rats had never been confirmed by
phantom measurements or validated by comparison with
another accepted method. Echocardiography has been a
fast, convenient method to measure cardiac parametersin
small animals. However, in humans, the use of geometric
assumptions is known to limit the accuracy of echocar-
diography in dysfunctional hearts (22). Small-animal car-
diac MRI would be more appropriate for this purpose,
sincereal LVV can be measured. However, in both cases,

TABLE 1
LVVs and LVEFs
Instrumentation Rat LVEF (%) ESV (ub) EDV (pL)
PET (QGS)* Normalt (n = 11) 83.2 = 8.0 90 = 57 496 + 135
Infarctt (n = 15) 54.6 = 15.9 353 + 174 730 = 208
Echocardiography* Normal (n = 11) 81.6 = 6.0 94 + 60 502 = 171
Infarct (n = 15) 54.2 = 13.3 479 + 375 968 + 559

*P < 0.001 (unpaired t test between normal and infarct).

P > 0.5 (paired t test between LVEF PET and echocardiography).
ESV = end-systolic volume; EDV = end-diastolic volume.

Data are mean + SD.
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additional equipment is required. In this study, we eval-
uated the use of small-animal ¥F-FDG PET measure-
ments of LVV and LVEF to serially monitor these pa-
rameters over time, simultaneously with measurements of
glucose use and myocardial viability.

Most commercially available software for the processing
of gated cardiac SPECT studies, such as QGS (7), was
developed for human studies. A thorough validation was
therefore necessary before using the QGS package to ana-
lyze rodent heart studies. There were potentially significant
differences in cardiac geometry, wall thickness, pixel scal-
ing issues, and partial-volume effects related to the smaller
size of the imaged objects that could interfere with the
appropriate use of this software. The rat heart phantom
developed in this study enabled us to examine awide range
of experimental LVV values. Our results demonstrate a
good correlation between measured PET volumes and the
actual volumes of the small heart phantom. For LVV values
exceeding 1,000 pL, the walls of the phantom became
thinner than those of anormal rat heart, leading to increased
variahility in measurements. Estimates of volumes smaller
than 150 pL were aso less accurate. This finding was not
surprising, considering the 14-pL volumetric resolution of
the Sherbrooke APD PET scanner. The excellent correlation
between the QGS-measured LVV values and the actual
volumes of water in the phantom chamber confirmed that
PET volume measurements were suitable for cardiac studies
over awide range of LVV values, encompassing the typical
rat-heart volumes encountered in most studies. The system-
atic deviation toward dlightly overestimated values for
smaller volumes could be attributed to partial-volume ef-
fects, which affected the accuracy of the edge-detection
algorithm in determining the LVV.

In healthy rats, agreement was good between PET and
echocardiographic measurements of LVEF and LVV. Mea-
surements obtained by echocardiography showed greater
overall variability than those obtained by PET. The echo-
cardiographic measurements of the systolic phase were
somewhat less variable than those of the diastolic phase
(22). However, for the ischemic and septic groups, a weaker
correlation and greater variability were observed between
the PET LVV and LVEF values and the echocardiographic
LVV and LVEF values. This discrepancy is attributed to the
tendency of echocardiography to misevaluate dysfunctional
myocardial segments. The use of a single distance measured
across the short axis of the heart limited the accuracy of
echocardiography in rats with wall-motion abnormalities. A
biplanar method such as Simpson’s would have been more
accurate, but this technique is difficult to implement in rats
and would have been beyond the scope of the present work.
Regardless, both PET and echocardiography were able to
differentiate well between healthy rats and rats with cardiac
anomalies, as evidenced by the segregation of the experi-
mental groups along the regression line.
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CONCLUSION

High-resolution small-animal PET scanners can reliably
measure LVV and LVEF in rats. Phantom studies have
demonstrated that reliable data can be obtained over awide
range of LVV values. In the particular case of the Sher-
brooke APD PET scanner, accurate LVV measurements can
be obtained from 150 to 1,000 wL using standard cardiac
analysis software. The typical LVV of mature rats is there-
fore suitable for PET. In practical terms, rats should weigh
at least 200 g for accurate LVEF measurements on small-
animal PET scanners, although smaller rats with patholog-
icaly enlarged hearts can still be imaged. In the present
study, we found that PET is adequate for measurement of
LVEF in rats, making it a useful model for the investigation
of heart diseases and for the development of new therapeu-
tic approaches. PET has the additional advantage of being
able to monitor cardiac physiology at the metabolic level.
Further validation of PET measurements with high-resolu-
tion small-animal MRI as a reference would provide useful
supportive data. The current study demonstrates the feasi-
bility, reliability, and accuracy of quantitative cardiac PET
in rats.
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