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Abstract

Objective: Influence of CT-based attenuation correction (CT-AC) in assessment of
left and right ventricular function with count-based gated blood-pool SPECT
(GBPS) was evaluated in a mixed population. Methods: Thirty-two patients (81%
male; mean age 56 +12) referred for various symptoms or heart diseases were
prospectively included. Data from 32 GBPS acquisitions were reconstructed using
an iterative algorithm with and without CT-AC and analyzed using previously
described segmentation software based on the watershed algorithm. LV and RV
EF and volumes were assessed with and without CT-AC and compared. Results:
EF and volumes were correlated (p<0.001). Significant differences were found for
all parameters, with higher volumes (p<0.001 except for RV EDV, p=0.002) and
lower EF(p=0.002 for LV EF and p<0.001 for RV EF) when using CT-AC. Limits of
agreement were -11 to 6% and -11 to 4% for LV and RV EF. We found wider limits
of agreement for LV volumes (-13 to 32 mL for EDV and -10 to 27 mL for ESV)
than for RV volumes (-13 to 23 mL for EDV and -9 to 20 mL for ESV). Taking into
account all volumes, we found a trend with a significant positive correlation
between means and differences in volumes assessed with and without CT-AC.
Conclusion: Assessment of both left and right ventricular function by count-based
GBPS with CT-AC showed higher volumes and lower EF. Differences were very
slight, especially for the range of normal to subnormal ventricular volumes, and the

clinical interest of CT-AC is to be demonstrated.
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INTRODUCTION

Accurate quantification of ventricular function and volumes is important in
the management of patients with cardiovascular disease. In patients with coronary
artery disease, left ventricular (LV) ejection fraction (EF) at rest or stress, end-
diastolic volume (EDV), and end-systolic volume (ESV) are strong independent
predictors of cardiovascular morbidity and death (1, 2). Even patients without prior
myocardial infarction or valvular disease are at high risk of congestive heart failure
and death when only a mild impairment in LV EF is present (3). Right ventricular
(RV) EF is also a very important parameter, as, independently of pulmonary
hypertension, it improves the accuracy of the prognostic stratification of patients
with heart failure (4).

Count-based gated blood-pool SPECT (GBPS) is a technically simple and
widely available method that is independent of geometry. Thus, it may permit
simultaneous assessment at equilibrium of the LV and RV parameters (5-7) [NMC].
Regional ventricular function measurements like local EF or local times of end-
systole are also available with this technique (8-11). However, as for all nuclear
medicine procedures, soft-tissue attenuation is a technical limitation when
assessing tracer distribution, even with tomographic data and especially when only
a 180° projection set is used (12, 13). The half-value layer of a single photon-

emitting isotope like *°"

Tc (140 keV) is equal to approximately 4 cm in soft tissue
(14). This illustrates the essential impact of attenuation caused by photoelectric
absorption and Compton scattering. For a given photon energy, attenuation
coefficients can be determined, provided that the densities encountered by a
gamma ray along a line of response are known. Therefore, SPECT attenuation

correction (AC) is possible if simultaneous acquisition of a density map is acquired

together with the SPECT data (15, 16).



In the early 2000s, hybrid SPECT/CT systems consisting of multidetector
SPECT coupled with conventional CT systems were commercially introduced (17-
19). CT provides 2 distinct advantages compared with the sealed sources that
were previously used. It provides a significantly higher quality of attenuation
measurement as a result of the greater photon flux and corresponding higher
spatial resolution. Also, CT-based studies are performed sequentially and the very

high flux dominates the count rates from 9om

Tc in the X-ray windows and crossover
(downscatter artifacts) is thus negligible.

CT can be acquired in a relatively short time compared with SPECT, thus
reducing the possibility of patient motion during the transmission data acquisition
and between the transmission data acquisition and between SPECT and CT
acquisitions (14, 16). However, cardiac CT acquisitions with hybrid SPECT/CT
systems are not gated and thus CT provides an average attenuation map for
cardiac structures. In spite of this limitation, it has been proven that CT-AC can be
useful for interpreting perfusion (14) and functional (20) data from gated myocardial
perfusion imaging.

Count-based GBPS techniques use count rates to derive ventricular
ejection fractions and volumes [7, NMC]. Therefore, these methods are likely to be
impacted by attenuation, but there is a dearth of outcome studies dedicated to the
evaluation of the clinical relevance of AC data for GBPS. In this study, we

investigated the influence of CT-AC in the assessment of left and right ventricular

ejection fractions and volumes with GBPS.



MATERIALS AND METHODS

Patients

Thirty-two consecutive patients [aged 56 +12 years (range 30-78 years);
81% male; BMI 26 +6 kg/mz] were prospectively included in the study. Eight (25%)
patients had implanted cardiac devices. All patients had clinical indications for
isotopic evaluation of EF and volumes, either to diagnose cardiac disease or as
follow-up. Reasons for referral were coronary artery disease (n=16),
arrhythmogenic right ventricular dysplasia (n=4), pulmonary hypertension (n=2),
evaluation of right ventricular parameters before cardiac assistance (n=2),
nonischemic dilated cardiomyopathy (n=7) and chemotherapy-induced cardiac
toxicity (n=1). All subjects were prospectively recruited from inpatient and
outpatient populations at the Montpellier University Hospital between August 6,
2009, and June 14, 2010. All patients gave their informed consent prior to inclusion

in the study.

GBPS Data Acquisition

Patients were injected with 740-925 MBq (20—25 mCi) of in vitro labeled
erythrocyte solution. They were in supine position with arms kept outside the field
of view. Data were acquired on a hybrid SPECT-CT dual-head y-camera (Infinia
Hawkeye 4; GE Healthcare, Chalfont St. Giles, UK) in a 90° configuration with low-
energy high-resolution parallel-hole collimators. Tomographic gated blood-pool
scintigraphy was performed with the following acquisition parameters: 6° per step
(15 steps over 90° per head) for 180° according to the American and European
guidelines (21, 22), 40-s acquisition per step, 10% R-R interval acceptance

window, 8 gated intervals, and 64*64 (pixel size: 5.9 mm).



Low-dose CT scan was acquired for attenuation correction using the
following parameters: 140 kV, 2.5 mAs, 2.6 revolutions per minute for gantry
rotation speeds, 256*256 (pixel size: 1.47 mm), and 6-mm slice thicknesses (19,
23). With these acquisition parameters, the examination time was 18 minutes (10
min for SPECT acquisition and 8 min for CT acquisition) for patients with regular

pacing.

GBPS Processing

All acquisitions were reconstructed 2 times on a Xeleris workstation (GE
Healthcare, Chalfont St. Giles, UK) with 16 transverse slices for each time frame
using an ordered subsets-expectation maximization algorithm (2 iterations, 10
subsets and a Butterworth post-processing filter: frequency 0.25; order 10) with
(iterative reconstruction attenuation corrected, IRAC) and without (iterative
reconstruction non-corrected, IRNC) CT-AC. AC map generation was performed on
the Xeleris workstation (GE Healthcare, Chalfont St. Giles, UK). Matrix change was
necessary to decrease the resolution of the CT data to match that of SPECT (15).
The accuracy of the registration between SPECT and CT data was verified using
currently available attenuation correction quality control (ACQC) software provided
by GE Healthcare systems. All registrations were validated before final image
reconstruction (24). The emission data underwent compensation for scatter using
the Jaszczak method (25). Transverse slices were reoriented into the usual cardiac
axis and processed with in-house semiautomatic GBPS software based on a
watershed segmentation algorithm (Tompool®: freely available on the net at

http://www.scinti.etud.univ-montpl.fr). Segmentation obtained for IRNC data was

automatically and exactly applied to IRAC data to nullify the intraoperator

variability.



The previously described and validated Tompool® algorithm (5, 7, 8, 26)
was slightly modified and adapted to run on standard desktop personal computers
running under Windows operating systems (Microsoft Corp., Redmond, WA).
Iterative thinnings that were used to produce a skeleton by influence zones (5)
were replaced by a full 3D immersion approach taking adjacent slices into
consideration. This approach produced less over-segmentation of the ventricular
cavities. In order to identify each segmented structure as belonging to the LV, the
RV or the vascular structure behind the valve plane, septal, atrioventricular and
pulmonary infundibulum planes were defined beforehand. These improvements led
to a fully automatic algorithm, except for the precise location of the 3
aforementioned planes. Time-activity curves were generated using deformation of
a reference curve, as described by Caderas De Kerleau et al. (27).

As described in previous published works, right or left ventricular ejection fractions,

EF, and ventricular volumes, V, were calculated as:

C,,-C C
—ED__YES gnd V=——V"® where C, Cgp and Cgs are the total

ED max

EF =

counts in a given ventricle at any time interval, at end diastole and at end systole,
respectively; Cnax is the maximal count in a voxel belonging to a ventricle; and

V" is the volume of a voxel.

Statistics

Statistical analysis was performed with commercially available software
(SPSS for Windows, version 13.0; SPSS Inc., Chicago, IL; and GraphPad Prism for
Windows, version 5, GraphPad Software Inc., La Jolla, CA). The mean + standard
deviation (SD) characterizes the distributions of the parameters for the data.

Continuous data were compared with a paired Student’s t test or a paired Wilcoxon



test, as appropriate. Correlation between continuous variables was determined
using linear regression and Spearman’s rank order correlation coefficient. Bland-
Altman analyses of measurement differences plotted versus mean values were
used to assess biases (mean difference), trends, and 95% limits of agreement
(28). For all statistical testing, a two-tailed p value of less than 0.05 was considered

statistically significant.

RESULTS

GBPS was performed successfully in all patients and no complications
occurred. The mean heart rate and systolic/diastolic arterial pressure during GBPS
acquisitions were 6512 bpm and 121+19/69+11 mm Hg. All emission and
transmission data (with special care to beam hardening, truncation and
misregistration artifacts) were of sufficient quality and suitable for analysis. IRNC
and IRAC algorithms were run for GBPS data for all 32 acquisitions. Calculations
of RV and LV EF and volumes using Tompool® took less than 1 minute per

reconstructed datum. The main results are presented in Table 1.

Left Ventricle Right Ventricle
EF EDV ESV EF EDV ESV
IRNC  51+18 133 +40 71+42 54+15 86131 43126
IRAC 49 +19 142 +41 79+45 50+14 91432 48428

EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction;

IRNC/IRAC, iterative reconstruction non-corrected/attenuation corrected

TABLE 1: Left and right ventricular parameters without (IRNC) and with (IRAC) CT-
based attenuation correction

Ejection Fraction

LV EF assessed with IRNC and IRAC were correlated [r=0.97; p<0.001;

standard error of estimate (SEE) =4.24%] (Figure 1). The mean LV EF values for



IRNC and IRAC were different (respectively, 51+18% and 49+19%; p=0.002).

Figur

e 1 shows a Bland-Altman plot of the LV EF measurements by IRNC and

IRAC.

The results of the Bland-Altman analysis are summarized in Table 2,

showing for EF a mean difference of -2.31% and 95% limits of agreement of -

10.83% to 6.20%.
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Figure 1. Left and right ventricular ejection fractions (LV and RV EF) using IRNC and IRAC
algorithms: A Regression curves, LVEFgac = 1.00 LVEFgne — 2.55; R® = 0.95; SEE = 4.24;
r=097; P < 00l. RVEFgrac = 0.95 RVEFpnc — 0.60: R> = 0.93: SEE = 3.76; r = 0.97;
P < .001. B Bland-Altman plots, horizontal lines indicate the mean difference and 95% limits of
agreement (95% LA).

RV EF assessed with IRNC and IRAC were correlated (r=0.97; p<0.001;

SEE=3.76%) (Figure 1). The mean RV EF values for IRNC and IRAC were

different (respectively, 54+15% and 50 +14%; p<0.001). Figure 1 shows a Bland-

Altman plot of the RV EF measurements by IRNC and IRAC. The results of the



Bland-Altman analysis are summarized in Table 2, showing for EF a mean

difference of -3.34% and 95% limits of agreement of -10.79% to 4.10%.

LVEF RVEF
r 0.97 0.97
Correlation
p <0.001 <0.001
slope 1.00 0.95
Regression line
Yo -2.55 -0.60
mean +SD -2.31 +4.34 -3.34 £3.80
95% LA [-10.83; 6.20] [-10.79; 4.10]
Difference
SEM 0.77 0.67
(IRAC-IRNC)
95% ClI [-3.84;-0.78] [-4.68 ; -2.00]
bias yes yes

95% LA, 95% limits of agreement; SEM, standard error of the mean difference;

95% CI, 95% confidence interval

TABLE 2: Comparisons between left and right ventricular ejection fractions without
(IRNC) and with (IRAC) CT-based attenuation correction.
Volumes

LV EDV and ESV assessed with IRNC and IRAC were correlated
(respectively, r=0.96; p<0.001; SEE=11.82 mL and r=0.98; p<0.001; SEE=9.25
mL) (Figure 2). The mean LV EDV and ESV values for IRNC and IRAC were
different (respectively, 133+40; 142441 mL; p<0.001 and 71+42; 79445 mL;
p<0.001). Figure 2 shows a Bland-Altman plot of LV EDV and ESV measurements
by IRNC and IRAC. The results of the Bland-Altman analysis are summarized in

Table 3, showing for EDV a mean difference of 9.47 mL and 95% limits of



agreement of -13.36 mL to 32.30 mL and for ESV a mean difference of 8.53 mL

and 95% limits of agreements of -10.34 mL to 27.40 mL.

(@

LV Volumes

IRAC (mL)

L o o o o o ot T o e R
0 50 100 150 200 250
IRNC (mL)
(b)
LV volumes
100_ pE——Y
— = EDV
) i
E 50
Q ] e
z L w
o _nlaim"-'r'o."n
0 3 [ -
(&) 04 %%oo © LR " j .
<L
=
50— i
0 50 100 150 200 250

(IRAC+IRNC)/2 (mL)

IRAC (mL)

IRAC-IRNC (mL)

RV Volumes

3 A e e e e
0 50 100 150 200 250
IRNC (mL)

RV volumes
100 =

—« EDV
50
o v I'l." L )
o LTS
50 ++———r 1
0 50 100 150 200 250

(IRAC+IRNC)/2 (mL)

Figure 2. Leftand nght ventmeular end-diastolic (EDV) and end-systolic (ESV) volumes using IRNC
amd IRAC algorithms: A Left ventnicular volume regression curves, EDVgae = 00,99 EDVigne +
10.85; B = 0.92; SEE = 11.82; r = 0.96; P < .001. ESVigac = 106 ESVipne + 4.10; RF = 0.96;
SEE = 925 r =098 F <.01. Right ventncular volume regression curves, EDVig, e = 100
EDVigre + 4.87: R = 0092: SEE = 944; r = 0.96; P < .001. ESVigae = 105 EDVine + 346
R = 094;SEE = 7.03;r = (0.96; P < 001. B Bland- Altman plots, horizonial lines indicate the mean

differcnce and 95% hinuts of agreement (95% LA).

RV EDV and ESV assessed with

IRNC and

IRAC were correlated

(respectively, r=0.96; p<0.001; SEE=9.44mL and r=0.96; p<0.001; SEE=7.03mL)

(Figure 2). The mean RV EDV and ESV values for IRNC and IRAC were different

(respectively, 86+31 and 91+32mL; p=0.003 and 43+26 and 48+28 mL; p<0.001).

Figure 2 shows a Bland-Altman plot of RV EDV and ESV measurements by IRNC

and IRAC. The results of the Bland-Altman analysis are summarized in Table 3,



showing for EDV a mean difference of 5.16 mL and 95% limits of agreement of
-12.98 mL to 23.29 mL and for ESV a mean difference of 5.47 mL and 95% limits
of agreement of -8.59 mL to 19.52 mL.

Figure 3 shows a Bland-Altman plot of all left and right ventricular volume
measurements by IRNC and IRAC. The results of the Bland-Altman analysis are
summarized in Table 3, showing a mean difference of 7.16 mL and 95% limits of
agreement of -11.72 mL to 26.03 mL. A trend with a significant correlation (r=0.26;

p=0.003; SEE=9.37mL) is illustrated by the regression line.
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0.04; SEE = 937; r=026; P = 003



LV EDV LV ESV RV EDV RV ESV Al

volumes
r 0.96 0.98 0.96 0.96 0.98
Correlation
p <0.001 <0.001 <0.001 <0.001 <0.001
. slope 0.99+0.05 1.06+0.04 1.00+0.05 1.05+0.05 1.03+0.02
Regression
line
Yo 10.85%+7.30 4.10+3.25 4.87+5.03 3.461+2.42 4.60+1.68
mean 9.47
+ + + +
+SD £11.65 8.53+9.63 5.16£9.25 5.4717.17 7.1619.63
95% [-13.36; [-10.34; [-12.98; [-8.59; [-11.72;
LA 32.30] 27.40] 23.29] 19.52] 26.03]
Difference
(IRAC-IRNC) SEM 1.67 1.70 1.63 1.27 1.27
95% [6.12; [5.13; [1.90; [2.93; [4.62;
cl 12.82] 11.93] 8.42] 8.01] 9.70]
bias yes yes yes yes yes

95% LA, 95% limits of agreement ; SEM, standard error of the mean difference; 95%
Cl, 95% confidence interval

TABLE 3: Comparisons between left and right ventricular volumes without (IRNC) and
with (IRAC) CT-based attenuation correction.

DISCUSSION

To our knowledge this is the first clinical report on the influence of CT-AC
in the assessment of LV and RV function with GBPS. In a short communication,
Seierstad et al. did not report SPECT studies on patients, but instead the
attenuation of photons was simulated numerically (13). Our investigation
demonstrated that both LV and RV volumes were slightly higher when CT-AC was
performed. Our results corroborate earlier studies made on a cardiac torso

phantom (12, 13). Pretorius et al. found that LV and RV parameters were more



accurately assessed when using one iteration of Chang’s attenuation correction
method (12). They concluded that this method was able to reduce the distortion of
counts. Because of the heterogeneous density of the thorax and chest wall, the
CT-based method should be even more precise. Moreover, it performs a patient-
specific attenuation correction.

A precedent study showed that in spite of their totally different approaches,
the volume measurements by non-CT-AC GBPS and cardiac magnetic resonance
(CMR) were in quite close agreement [NMC]. However, lower volumes were found
with non-CT-AC GBPS for the LV and RV volumes, with respective mean
differences of 36x2 mL for EDV and 19+2 mL for ESV. The inclusion of papillary
muscles and trabeculations in performing CMR cavity drawings significantly affects
quantifications of LV volume and can partially explain these differences (29). In the
present study, we found a significant increase in LV and RV volumes when using
CT-AC, with respective mean differences of 9(+7%) and 5(+6%) mL for EDV and
9(+12%) and 5(+13%) mL for ESV, thereby suggesting that photon attenuation
may also partly explain the differences between GBPS and CMR results. One part
of the origins of this attenuation is the blood pool itself and so-called self-
attenuation. However, the EDV and ESV mean differences were equal for both
ventricles, suggesting that for this range of volumes the influence of self-
attenuation is poor. It should be greater in patients with dilated cardiomyopathy,
and in fact we found a trend with a significant correlation on the Bland-Altman plot
of all left and right volumes using the IRNC and IRAC algorithms (Figure 3). The
increasing volume differences between IRNC and IRAC suggested that large
volumes were more influenced by radiation attenuation, probably because of
prominent self-attenuation. The differences between the IRNC and IRAC volumes

were greater for the LV than for the RV. Several factors would explain this finding,



such as the higher LV volumes in the study population, the position of the heart
within the chest cavity, and the shape and structure of the LV.

A simple differential calculation showed that the decrease in EF with AC
was equivalent to a relative increase in end-systolic activity greater than that at
end-diastole. As volumes are derived from systolic and diastolic counts through a
linear relation, this implies that volumes were also relatively more increased by AC
at end-systole than at end-diastole. We suggest the following 2-point hypothesis.
First, because of the location and orientation of the heart in the chest, voxels
located in the basal and mid-central areas of the ventricular cavities are the most
influenced by attenuation when using 180°acquisiti on (14). The activity of these
voxels should not change much during the cardiac cycle, given the deformations of
the ventricular cavities. These voxels are kept full of blood during the entire cardiac
cycle and correspond to the ESV. The second point concerns the potential
overcorrection of the systole data. Because of the slow-acquisition CT scanner
used in this study, the CT images used for attenuation correction were blurred, not
only by the change in matrix necessary for adaptation to the SPECT images, but
also by the physiologic motion of the heart and lungs. This is actually an
advantage, leading to a good match in fused images, but we can question whether
the single attenuation map that was generated would not be more representative of
the diastolic phase, thus leading to an overcorrection of the systolic phase data.

Our study demonstrated that both left and right ventricular volumes were
slightly lower when CT-AC was not performed. Volume differences were relatively
constant and low for volumes not greater than 100 mL. For greater volumes, the
differences increased slowly, probably because of prominent self-attenuation. The
decreases in EF were probably due to an overcorrection of end-systolic counts. All
in all, the differences introduced by AC in the EF and volume estimations remained

small for the range of normal patient values and should remain of minor importance



for most clinical studies. We decided not to use AC for our daily practice, given its
above-mentioned limited influence and the low but real increase in patient radiation
dose. Moreover, further study using a physical phantom and comparison with MRI
are necessary to determine whether volumes and EF evaluations with AC are more

accurate than those assessed without it.

CONCLUSION

Assessment of both LV and RV function by count-based GBPS with CT-AC
showed higher volumes and lower EF. All differences were very slight, especially
for the range of normal to subnormal ventricular volumes, and clinical interest of

extra CT-AC is to be demonstrated.
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