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The aim of this study was to compare cardiac volume and
function assessment using PET with the reference technique of
cardiovascular magnetic resonance (CMR). Methods: Left ven-
tricular (LV) and right ventricular (RV) end-diastolic volume
(EDV), end-systolic volume (ESV), stroke volume (SV), and ejec-
tion fractions (EF) were measured in 9 patients using both CMR
and PET with inhaled C15O. Results: Correlation between the
techniques was generally reasonable (r values ranged from 0.63
to 0.99). Best agreement was seen for ESV (LV and RV). With
PET, there was a tendency to underestimate LV EF and EDV,
and RV EDV and SV. Agreement was worst for LV SV. Percent-
age difference between CMR and PET measurements ranged
from –2% to 15%; Bland–Altman limits of agreement ranged
from 24% to 75%. Conclusion: Although small systematic dif-
ferences exist, the agreement between PET and CMR suggests
useful information regarding function, and volumes may be
obtained from a standard PET protocol.

Key Words: PET; cardiovascular magnetic resonance; cardiac
function

J Nucl Med 2002; 43:806–810

The prognostic and therapeutic implications of cardiac
volumes and function are well established in the study of
cardiac disease (1). Cardiovascular magnetic resonance
(CMR) provides accurate, reproducible assessment of car-
diac function through acquisition of tomographic images of
high spatial and temporal resolution, free of exposure to
ionizing radiation. CMR is now the recognized reference
standard for determining parameters of left ventricular (LV)
and right ventricular (RV) function. Information on ventric-
ular function may also be obtained from cardiac PET (2),
although this technique is more established for imaging and
quantification of myocardial metabolism, perfusion, and

receptor density. However, if a patient were undergoing a
PET examination, it would be useful to simultaneously
obtain ventricular function data that were comparable with
data that would be obtained from CMR.

Therefore, the aim of this pilot study was to compare
cardiac volumes and function assessment using PET
blood-pool imaging and electrocardiographic (ECG) gat-
ing with CMR.

MATERIALS AND METHODS

The Research and Ethics Committees of participating hospitals
approved the study, and patients gave informed written consent.
Procedures were performed in accordance with local guidelines.
Radiation exposure was approved by the U.K. Administration of
Radioactive Substances Advisory Committee.

CMR Methodology
Nine patients were imaged with a Picker Edge 1.5-T scanner

(Picker, Cleveland, OH), using the body coil, ECG triggering, and
parameters previously described (3). Briefly, the cardiac short axis
(SA) was determined from 3 scout images of the LV: the trans-
verse, vertical long axis, and breath-hold diastolic horizontal long
axis. The basal SA slice was positioned just forward of the atrio-
ventricular ring, and all subsequent breath-hold cines were ac-
quired in 1-cm steps toward the apex. A breath-hold segmented
gradient-echo fast low-angle shot sequence was used for each of
the contiguous SA slices encompassing the LV. Image analysis
was performed on a personal computer using in-house developed
software (CMRtools, Imperial College, London, U.K.). The repro-
ducibility of this technique in our center has been previously
published: The interstudy percentage variability was 2.5% for
end-diastolic volume (EDV), 3.1% for end-systolic volume (ESV),
and 4.8% for ejection fraction (EF) (3).

PET Methodology
PET studies were performed on the ECAT EXACT 3-dimen-

sional positron tomograph (CTI, Knoxville, TN). A transmission
scan was obtained using a 150-MBq 137Cs point source. The
emission data were acquired using inhaled C15O (half-life, 2.06
min). Labeling of red blood cells occurs through the formation of
carboxyhemoglobin, which remains limited to the intravascular
space. The gas (1.5 MBq/mL) was delivered at a rate of 500
mL/min through a face mask for 4 min (effective dose equivalent,
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1.15 mSv). Data acquisition commenced immediately and contin-
ued for 11 min. This scanner allows data acquisition in list mode
synchronized with the ECG R wave, and thus retrospective (or
after acquisition) off-line rebinning of data into datasets corre-
sponding to time frames per R�R interval (gates). Eight gates per
cardiac cycle were used. The data were corrected for attenuation
and scatter and were reconstructed by dedicated array processors
and a reprojection reconstruction algorithm using a Hann filter
(cutoff at the Nyquist frequency).

A threshold-based edge detection algorithm was used to calcu-
late LV and RV volumes (4). The gated images were averaged
together to provide a static blood-pool image. This static image
was used to define SA reslice parameters. Both the static and gated
images were then resliced to the SA view. The static image was
used to identify those planes contributing to the RV and LV; any
planes inferior or superior to the ventricles were discarded from
the gated image. The atrioventricular valve plane was identified as
the plane where the gap between the LV and RV disappeared. LV
and RV analysis was performed individually. The maximum value
for the image was determined by applying 4 circular regions of
interest to 4 image planes containing the ventricle being studied.
The voxels within the 4 regions were treated as a volume of
interest (VOI). The maximum voxel value of the VOI divided by
2 (half maximum value) was used as the threshold, which defined
the cutoff value of the ventricular cavity boundary. Signal contri-
bution of the myocardial vasculature was assumed to be 10% of
the blood pool, and the thresholds were scaled accordingly: thresh-
old � half maximum � (half maximum � background fraction).
The threshold values obtained were used with an interactive edge
detection program to automatically determine the ventricular
chamber boundary for each gate. This area multiplied by the plane
thickness results in a plane volume. EDV and ESV were calculated
by summing all the plane volumes at end-diastole and end-systole,
respectively. Stroke volume (SV) � EDV – ESV. EF � SV/EDV.
Interobserver variability is 1.1% for EDV and 1.8% for ESV using
this technique (4).

RESULTS

Values for LV and RV EDV, ESV, SV, and EF are shown
in Table 1 for both CMR and PET. A small but significant
difference was found between CMR and PET values for LV
EF, with borderline differences for LV SV and LV EDV
(Table 2). Correlation between the techniques was generally
reasonable for all parameters measured (0.63�0.99). The
scatterplots suggested agreement between the techniques for
both LV (Fig. 1) and RV (Fig. 2) parameters. Best agree-
ment was seen for ESV. With PET, the LV EF and EDV and
the RV EDV and SV tended to be underestimated. Agree-
ment was worst for LV SV. These findings were confirmed
by the Bland–Altman plots and limits of agreement (Table
2; Figs. 1 and 2).

DISCUSSION

Agreement was worst for SV, reflecting the fact that it is
calculated from EDV and ESV. With PET, there was a trend
to underestimate the EDV for both the LV and the RV,
overestimate the ESV for the LV, and underestimate the
ESV for the RV. Several factors may have accounted for
these differences. Basal-plane identification and through-
plane motion affect both techniques, causing discrepancy.
Only 8 gates were used for the PET data, whereas on
average 12 frames were used with CMR. Total count sta-
tistics dictated the use of 8 gates in this pilot study, but
future work may use 12 to 16 gates. Summation of volumes
with fewer frames causes overestimation of the LV ESV.
Using fewer gates results in reconstruction of the EDV
image fractionally later during the cardiac cycle with PET
than with CMR, leading to a smaller measured EDV with
PET. This effect has also been documented in gated SPECT,

TABLE 1
Mean Values (�SD) for Left and Right Ventricular Volumes and Function

Technique

LV RV

EDV (mL) ESV (mL) SV (mL) EF (%) EDV (mL) ESV (mL) SV (mL) EF (%)

CMR 107 � 31 37 � 24 69 � 16 68 � 14 135 � 45 66 � 30 69 � 17 52 � 7
PET 97 � 32 38 � 24 59 � 14 64 � 13 130 � 44 65 � 31 65 � 16 52 � 8

TABLE 2
Differences (CMR vs. PET), Correlation, and Bland–Altman Limits for All Parameters

Parameter

Differences

P Correlation

Bland–Altman limits

Absolute % Range Absolute value % of mean value

LV EDV (mL) 9 9 0.07 0.91 –17 to 36 53 50
LV ESV (mL) –1 –2 0.57 0.99 –9 to 7 16 43
LV SV (mL) 10 15 0.05 0.63 –16 to 36 52 75
LV EF (%) 4 6 0.02 0.96 –4 to 12 16 24
RV EDV (mL) 6 4 0.20 0.96 –18 to 30 48 36
RV ESV (mL) 1 2 0.40 0.99 –8 to 11 19 29
RV SV (mL) 4 6 0.26 0.83 –15 to 23 38 55
RV EF (%) 1 1 0.70 0.91 –6 to 7 13 25
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FIGURE 1. Scatterplots and Bland–Altman plots for left ventricular parameters measured with CMR and PET. Line of unity
(dashed line) and linear regression line (solid line) with equation, r, and probability values are shown on each scatterplot.
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FIGURE 2. Scatterplots and Bland–Altman plots for right ventricular parameters measured with CMR and PET. Line of unity
(dashed line) and linear regression line (solid line) with equation, r, and probability values are shown on each scatterplot.
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for which an underestimation of the EF derived from 8-gate
studies compared with values measured on 16-gate studies
has been reported (5). This systematic error may be ad-
dressed through reconstruction of the PET data with a
shorter gate interval. EF is useful because it gives the
clinician an appreciation of overall ventricular function.
Both LV and RV EF were reasonably correlated with PET
and CMR, despite a small but significant difference between
the 2 techniques for LV EF. This reflects the fact that both
techniques are freely tomographic and not hindered by
geometric assumptions made in other techniques such as
ECG.

Limitations of this pilot study include the fact that both
scans were not completed on the same day for all patients
(within 1 � 2 d); the restriction of fluid intake before PET
studies, which affects ventricular filling and hence volumes
and function; and the relatively symmetric LV geometry in
our patient population. Future studies require a larger num-
ber of patients with a range of volumes and function,
including ventricles distorted by myocardial infarction.

CONCLUSION

Acceptable agreement was shown between ventricular
function and volume measurements using gated cardiac
PET and CMR. Therefore, useful information may be ob-
tained regarding function and volumes as part of a standard
PET protocol.

REFERENCES

1. White HD, Norris RM, Brown MA, Brandt PW, Whitlock RM, Wild CJ. Left
ventricular end-systolic volume as the major determinant of survival after recov-
ery from myocardial infarction. Circulation. 1987;76:44�51.

2. Miller TR, Wallis JW, Landy BR, Gropler RJ, Sabharwal CL. Measurement of
global and regional left ventricular function by cardiac PET. J Nucl Med.
1994;35:999�1005.

3. Bellenger NG, Davies LC, Francis JM, Marcus NJ, Pennell DJ. Reduction in
sample size for studies of remodelling in heart failure by the use of cardiovascular
magnetic resonance. J Cardiovasc Magn Reson. 2000;2:271�278.

4. Boyd HL, Gunn RN, Marinho NVS, et al. Non-invasive measurement of left
ventricular volumes and function by gated positron emission tomography. Eur
J Nucl Med. 1996;23:1594�1602.

5. Germano G, Kiat H, Kavanagh PB, et al. Automatic quantification of ejection
fraction from gated myocardial perfusion SPECT. J Nucl Med. 1995;36:
2138�2147.

810 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 43 • No. 6 • June 2002


