
Comparison of echocardiographic measurements of left
ventricular volumes to full volume magnetic resonance imaging
in normal and diseased rats

Teresa Arias, PhD1,2, Jiqiu Chen, MD1, Zahi A. Fayad, PhD1, Valentin Fuster, MD, PhD1,2,
Roger J. Hajjar, MD1, and Elie R. Chemaly, MD, PhD1,*

1Zena and Michael A. Wiener Cardiovascular Institute, Icahn School of Medicine at Mount Sinai,
One Gustave L. Levy Place, Box 1030, New York, NY, 10029, USA
2Centro Nacional de Investigaciones Cardiovasculares (CNIC), Melchor Fernández Almagro, 3,
Madrid, 28029, Spain

Abstract
Background—Clinical two-dimensional (2D) and clinical three-dimensional (3D)
echocardiography are validated against Cardiac Magnetic Resonance imaging (CMR), the gold
standard for left ventricle (LV) volumes. In rodents, there is no widely accepted echocardiographic
measure of whole LV volumes, and CMR measurements vary between studies. We compared LV
volumes by 2D-echocardiography (hemisphere-cylinder (HC) model) to HC and full-volume (FV)
CMR in normal and diseased rats to measure the impact of geometric models and imaging
modalities.

Methods—Rats (n=27) underwent ascending aortic banding, myocardial infarction induction by
either permanent left anterior descending artery (LAD) ligation or ischemia-reperfusion, and sham
thoracotomy. Subsequently, we measured end-diastolic volume (EDV), end-systolic volume
(ESV) and ejection fraction (EF) using a HC-2D-echocardiography model combining parasternal
short-axis and long-axis measurements and compared these to HC and FV-CMR.

Results—Diseased groups showed LV dilatation and dysfunction. HC-echocardiography and
FV-CMR measures of EDV, ESV and EF were correlated. On Bland-Altman plots, EDV were
concordant between both methods while HC-echocardiography underestimated ESV, resulting in a
modest overestimation of EF versus FV-CMR. Other 2D-echocardiographic geometric models
offered less concordance with FV-CMR than HC. HC-CMR overestimates LV volumes versus
FV-CMR, while HC-echocardiography underestimates HC-CMR volumes. Echocardiography
underestimates corresponding LV dimensions by CMR, particularly short-axis.

Conclusions—Concordant measures of LV volume and function were obtained using: (1) a
relatively simple HC model of the LV inclusive of two orthogonal 2D-echocardiographic planes,
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and (2) FV-CMR in normal and diseased rats. The HC model appears to compensate the
underestimation of LV dimensions by echocardiography.
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Introduction
Echocardiography and Cardiac Magnetic Resonance Imaging (CMR) measure left ventricle
(LV) volumes and function. In humans, full-volume (FV) CMR is the gold standard for LV
size and function due to its ability to obtain three-dimensional (3D) images of the LV and
thus measure LV volumes without geometric assumptions [1]. In small animals, FV-CMR is
gaining momentum for similar reasons[2].

Both echocardiography and CMR are complementary techniques with advantages and
disadvantages[2, 3], but little is known about the comparability of their volume
measurements in rodents, and their comparative ability to detect small and large variations
in LV size and function.

On the other hand, several published echocardiographic indicators of LV dimension used in
rodents rely exclusively on a single parasternal short-axis or long-axis view, with or without
M-mode imaging[4-7], and often derive LV volumes from monodimensional measures[7, 8].

The need for 3D measurements of LV size and function using rodent echocardiography has
been understood for a long time[4], but no approach is recognized as standard and optimal in
that regard. Real-time 3D echocardiography is now widely used in humans [1, 9]; 3D
echocardiography has been successfully performed in rodents[10-12] but remains of limited
availability and applicability, with some technical challenges such as the need for gated
imaging[11, 12]. Besides, real-time 3D echocardiography requires matrix array
transducers[13] which, to our knowledge, are not developed for small animal use. Real-time
3D echocardiography is still constrained by lower spatial resolution and frame rate
compared to 2D echocardiography, which further limits its application to small animals[9].
Thus, for small animal imaging, it remains useful to determine the most suitable 2D
echocardiography-based geometric model to determine LV volumes.

Picard MH et al. have reviewed and discussed the importance of 3D echocardiography and
the limitations of geometric models of LV volumes from 2D echocardiographic views[13].
One such measure of LV volumes uses the “bullet formula”, or hemisphere-cylinder (HC)
model, as reported in rat studies using echocardiography [14, 15] and CMR[16]. This
geometric model has the theoretical advantage of including 3 dimensions of the LV by
combining cross-sectional area of the parasternal short-axis view (2 dimensions) with cavity
length from the parasternal long-axis view (a third perpendicular dimension); it was
validated in dogs[17] and recommended for echocardiographic LV volume and LV mass
calculation in humans[18]. Another advantage of the HC model is its entire reliance on
parasternal views, which are easier to obtain with the high-resolution linear-array probes
commonly used in rodents, and less subject to foreshortening than apical views in rodents.

We compared LV volumes by 2D-echocardiography in rats using a HC model to HC and
FV-CMR in two disease models of rat LV dysfunction and dilatation of graded severity.
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Methods
Animal use and care

Animals were obtained and handled as approved by the Institutional Animal Care and Use
Committee of the Icahn School of Medicine at Mount Sinai in accordance with the
“Principles of Laboratory Animal Care by the National Society for Medical Research and
the Guide for the Care and Use of Laboratory Animals” (National Institutes of Health
Publication No. 86-23, revised 1996).

Surgical animal disease models
We studied 27 rats. Male Sprague-Dawley rats (200-250 grams) underwent surgery as
previously described[19]. Pressure-overload LV hypertrophy (POH) and failure was induced
by ascending-aortic banding (n=4), and myocardial infarction (MI) was created by
permanent left anterior descending artery (LAD) ligation (n=9), or LAD ligation for 30
minutes followed by reperfusion (n=5) [19]. Sham animals underwent a thoracotomy
without MI or aortic constriction (n=4), and normal animals (n=5) of similar age and weight
at the time of imaging were used.

One to two months after surgery, animals underwent consecutive echocardiography and
CMR by double-blinded operators and in random order. The time interval between CMR
and echocardiography on the same animal was 0±5 days.

Echocardiography
Echocardiography was performed under sedation by intraperitoneal ketamine up to 80mg/
kg, with starting doses as low as 10mg given to diseased rats and supplemented by
additional injections until optimal sedation was obtained. Sedation was optimized by giving
the lowest dose of ketamine needed to (1) restrain the animal and prevent motion artifact (2)
maintain the heart rate in the range of 350-450 beats/minute. Ketamine was chosen based on
our previous experience and considering that alternative agents had either a long duration of
action (pentobarbital), potentially unsafe for heart failure animals, or a bradycardic effect
(isoflurane, ketamine/xylazine) as demonstrated elsewhere[20]. The chest was shaved.

Short-axis parasternal views of the LV at the mid-papillary level and long-axis parasternal
views of the LV were obtained using a Vivid i echocardiography apparatus with a 13MHz
linear array probe (General Electric, New York, NY) at a frame rate ranging from 25 to 28
frames/second for 2D echocardiography. Volumes of the LV cavity at end-diastole and end-
systole were calculated using an area-length hemisphere-cylinder (HC) formula that assumes
a bullet-shaped LV as previously recommended and described[15]. LV end-diastolic and
end-systolic volumes (respectively EDV and ESV) were thus calculated as follows:
V=5/6×A×L where V is the volume of the LV cavity in ml, A is the cross-sectional area of
the LV cavity in cm2 obtained from a parasternal short-axis image at the mid-papillary level,
and L is the length of the LV cavity in cm measured as the distance from the endocardial LV
apex to the mitral-aortic junction on the parasternal long-axis image as previously
described[15, 17, 18]. Additional planimetry was performed on the parasternal long-axis
view to obtain LV volumes (1) by application of a modified Simpson’s rule (programmed in
the software package of the ultrasound device) (2) by measurement of the area A and length
L of the echocardiographic long-axis modeled as a single plane ellipsoid in which LV
volume = (8A2)/(3πL) as previously published[7, 16].

M-mode echocardiography was performed on short-axis parasternal views as previously
recommended to obtain LV end-diastolic and end-systolic diameters[18]. The frame rate for
M-mode echocardiography was 48 frames/second.
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In 2D and M-mode LV cavity measurements, care was taken to exclude papillary muscles
from the LV wall.

Magnetic resonance (MR) imaging
Rats were sedated with 1.5-2% of isoflurane in oxygen (0.6 liter/min), consistent with
previous reports[8]. The respiratory rate was monitored using an MR-compatible monitoring
system (SA Instruments, New York, NY) and maintained in the range of 55-70 breaths/min.

A 7 T horizontal bore animal MR scanner (Bruker BioSpin GmbH, Ettlingen, Germany)
with 86mm RF volume coil (Bruker BioSpin) and Paravision 5.1 software was used.
Following axial, sagittal and coronal localizer sequences the coil was tuned and matched.
Then, bright blood cine images of 2, 3, and 4 chamber views of the LV were obtained using
a retrospectively self-gated protocol (IntraGate, Bruker BioSpin). Acquisition parameters
were as follow: echo time (TE): 2.96 ms, repetition time (TR): 9.8 ms; flip angle: 15°; field
of view (FOV): 50 × 50 mm2; matrix-size: 256 × 256; number of repetitions (NR): 200;
cardiac frames reconstructed: 20; slice thickness: 1mm and scan time ~ 3min.

Full-volume (FV) imaging was also acquired using a retrospectively self-gated protocol with
a 3D imaging volume (3D IntraGate, Bruker BioSpin) and the additional acquisition of
navigator echoes[21]. Short-axis orientation was defined using the 3 chamber and the 4
chamber views as shown in Figure 1. The navigator slice was placed above the 3D imaging
package that covered the LV cavity from base to apex. Sequence parameters were as
follows: radiofrequency pulse (RF): 1 ms sinc pulse (10 lobes, bandwidth: 20 kHz); slab
thickness: 10 mm, 10 mm; FOV: 50 × 50 × (18-14) mm3; Nx × Ny × Nz: 128 × 128 ×
(12-9); spatial resolution: 0.312 × 0.312 × 1.5 mm/pixel; TE: 2 ms; TR: 8 ms; number of
repetitions (NR): 50 and flip angle α: 14°; On navigator slice: RF pulse: 1 ms Gauss pulse
(bandwidth: 2.740 kHz); slice thickness: 3.9 mm and flip angle αnav: 8°. No more than 70%
of all k-lines were used for the reconstruction of 16 cardiac time frames to avoid artifacts
from respiratory movement. Total scan time was ~ 8-10 min (Ny × Nz × TR/NR). The
effective number of averages was approximately 2.5 (70% × NR/6).

Analysis of global LV function was calculated using Segment software (Segment 1.9,
Medviso, Sweden). Myocardium segmentation was performed among at least 7 LV short-
axis slices outlining both, endocardial and epicardial borders in all the cardiac frames
(Figure 1). EDV and ESV were calculated from the largest and smallest areas, respectively,
of the LV cavity in each slice. Apical and basal slices without semicircular muscular ring at
either end-systole or end-diastole were disregarded. Papillary muscles were not included in
the LV wall, and the LV outflow tract was not included in the LV cavity in FV
measurements.

Additional analysis of the CMR images included measurements similar to the ones
performed by echocardiography on the long-axis and mid-papillary short-axis views,
obtained using the CMR localizer sequences, and used to derive CMR volumes by the HC
formula, as well as LV diameters from the short axis mid-papillary view (see above methods
section on echocardiography for details).

Animal group assignment
Animals were divided into 5 groups: normal rats, sham-operated rats (thoracotomy, no MI
and no POH), POH rats, rats with apical MI visible on all echocardiographic and CMR
views, rats with small apical MI (visible on some but not all echocardiographic and/or CMR
views).
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Statistical analysis
Comparison of continuous variables between animal groups used the analysis of variance
(ANOVA) followed by post-hoc pairwise comparisons using Student’s t-test with
Bonferroni correction for multiple testing. Concordance between LV volumes and EF by
echo vs. CMR was measured using paired t-tests, Pearson’s correlation on scatter-plots and
Bland-Altman plots[22]. Linear regression of between-methods difference vs. among-
methods average was performed on the Bland-Altman plot to test the hypothesis that the
difference between the two methods did not vary across the range of measured values.
Concordance between methods was quantified separately in diseased (n=18) and non-
diseased (normal and sham, n=9) animals. A repeated-measurements ANOVA was used to
compare sequential echocardiography and CMR-derived parameters across groups, for the
purpose of testing a method-group interaction. This interaction tests the differential ability of
the 2 methods to distinguish groups. Results are expressed as mean±standard deviation
(SD). A p value of <0.05 was considered statistically significant. Stata 10.1 (Stata Corp,
College Station, TX) was used for statistical analyses.

Results
Heart rate during imaging

Heart rate per animal group is shown in Table 1. It was significantly higher in
echocardiography compared to CMR (394±53 beats/minutes vs. 294±54 beats/minutes;
p<0.0001 for paired t-test).

Concordance and correlation of LV volumes and EF by HC-echocardiography and CMR
(HC-CMR and FV-CMR)

Representative images of long-axis and short-axis views of the LV by echocardiography and
CMR are shown in Figure 2, from the same sham and post-MI animals respectively. LV
volumes (EDV and ESV) and EF measured by HC-echocardiography, HC-CMR and FV-
CMR are shown in Table 1. Diseased groups demonstrated variable LV dilatation and
dysfunction, most significant in the apical MI group (Table 1).

The agreement between HC-echocardiography and FV-CMR for the measurement of EDV,
ESV and EF was assessed by paired t-tests (Table 2), Bland-Altman plots (Figure 3), and
linear regression (scatter-plots shown in Figure 4).

Overall, HC-echocardiography and FV-CMR gave concordant measures of EDV (Table 2,
Figure 3). The average difference in EDV between HC-echocardiography and FV-CMR was
−8±123μl.

Compared to FV-CMR, HC-echocardiography underestimated ESV across its entire range,
with an average HC-echocardiography-FV-CMR difference of −55±88μl (Table 2, Figure
3). This resulted in echocardiography overestimating EF by 10±12% (Table 2, Figure 3).

Agreement between volume measurement: differential impact of imaging modalities and
geometric models

Compared to FV-CMR, HC-CMR overestimated EDV and ESV (Table 2). Moreover, HC-
echocardiography underestimated volumes when compared to HC-CMR, indicating that the
HC model per se overestimates LV volumes compared to the FV used as a reference, while
echocardiography per se may underestimate LV volumes compared to CMR. EF was
significantly different between the 3 methods (Table 2, Figure 3).
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LV dimensions by echocardiography underestimate corresponding CMR dimensions
This underestimation is major for the short-axis area (Table 3), and for LV diameters of the
mid-papillary short-axis view (data not shown). Short-axis diameters are consistently and
severely underestimated by M-mode echocardiography compared to CMR short-axis
diameters as well (data not shown).

In contrast, long-axis length was mildly underestimated by echocardiography at end-diastole
and concordant at end-systole compared to CMR (Table 3). This better concordance in long-
axis length suggested that LV volume geometric models relying solely on the long-axis view
might generate values for LV volumes closer to FV-CMR. Nevertheless, when a modified
single-plane Simpson was applied to the long-axis echocardiographic view alone, agreement
for ESV with FV-CMR was not improved with regard to the underestimation by HC-
echocardiography, and EDV was significantly underestimated compared to FV-CMR (in
sharp contrast with the agreement offered by HC-echocardiography); the same observation
was made using a the area A and length L of the echocardiographic long-axis to obtain LV
volumes using a single plane ellipsoid model in which LV volume = (8A2)/(3πL) as
previously published[7, 16] (Table 4).

Thus, when both EDV and ESV are taken into account in control and diseased animals, HC
delivered values of LV volumes closest to FV-CMR among usual 2D-based
echocardiographic models of LV volumes in rats.

Correlation and linear regression
EDV, ESV and EF showed significant correlation between the 2 modalities (HC-
echocardiography and FV-CMR) in the overall sample (Figure 4). EDV and ESV were also
significantly correlated in the subgroup of diseased animals, and ESV displayed significant
correlation between both modalities in the subgroup of non-diseased animals. Correlations
for EDV, ESV and EF in diseased and control subgroups as well as the overall sample were
tested between the corresponding parameters and within the subgroups shown in Table 2
(data not shown). When the correlations shown in Figure 4 were taken as a reference, these
tests revealed that intra-parameter correlation consistently improved when the same imaging
modality was used (i.e. CMR with HC model correlated to FV-CMR) but did not
consistently improve when the same geometric model was used with two imaging modalities
(i.e. HC model by echocardiography versus HC model by CMR) (data not shown).

Thus, the disagreement between measurements as assessed by correlation appears to be
mostly due to the disagreement between imaging modalities.

Comparative ability of HC-echocardiography and FV-CMR to discriminate between
diseased and non-diseased animal groups

A repeated measurement ANOVA was performed with each one of the 3 parameters of
interest (EDV, ESV, EF) as the dependent variable, with the animal group (Table 1) and the
imaging modality (HC-echocardiography vs. FV-CMR) as the independent variables, in
addition to a group-method interaction term. This test did not show a significant method-
group interaction, indicating no significant difference between HC-echocardiography and
FV-CMR in their ability to discriminate between animal disease models. A second analysis
was performed in which a reference value for EDV, ESV and EF was taken as the average
of the control group (Table 2). Changes from this reference value as detected by HC-
echocardiography was compared to the change detected by FV-CMR within the specific
diseased groups presented in Table 1. As shown in Table 5, only the reduction in EF in the
small apical MI group was significantly larger when measured by HC-echocardiography,
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while the two imaging approaches did not differ significantly in their performance
otherwise.

Discussion
We demonstrate that an easy to use hemisphere-cylinder (HC) 2D-echocardiographic model
of whole LV volume in rats provides measurements of LV size and function which (1) are
well-correlated to full-volume (FV) CMR in both normal and diseased animals (2) fall in the
same range as FV-CMR absolute measurements, particularly for EDV and (3) compare
favorably to FV-CMR in their ability to discriminate between disease models of variable
severity. We also show that echocardiography per se underestimates corresponding CMR
measurements, in agreement with the recent human study by Greupner et al.[1]. In our
study, this was mainly due to an underestimation of short-axis dimensions (Table 3).
Interestingly, the geometric HC model per se, when applied on CMR images, leads to a
major overestimation of LV volumes with an overall preserved agreement for EF (Tables 1
and 2). Conversely, since echocardiography per se appeared to underestimate corresponding
LV dimensions and volumes compared to CMR, the agreement between HC-
echocardiography and FV-CMR is a likely algebraic sum of these two opposing effects.

One theoretical strength of the HC volumetric model of LV echocardiography is to combine
two orthogonal 2D planes, thus including 3 geometric dimensions in the volume
measurements. Besides, it is now recognized that LV contraction and relaxation result in
twisting and untwisting of the LV around its longitudinal axis[23]; thus, a 2D model of LV
ejection like the HC that accounts for longitudinal shortening and short-axis area contraction
is likely to provide more accurate measurements than most alternative 2D models routinely
used in rodents which rely on single-plane or single-dimension measurements.

To our knowledge, this is the first study to compare the HC model of the LV obtained by
echocardiography to FV-CMR, in normal and diseased rats. Previously, a measurement of
LV cross-sectional area and derived ejection fraction (EF) in normal and infarcted rat hearts
was compared to CMR-measured area and to CMR-derived full-volume EF[24]. The
problem of echocardiographic LV volume measurement in rodents is ideally solved by real
time 3D echocardiography, now in clinical use[1, 9]; however, and to our knowledge,
currently available rodent 3D echocardiography does not involve real time imaging
systems[12]. Indeed, few studies have evaluated 3D echocardiography in rodents. 3D
reconstructions of mouse LV from multiple stacked short-axis images taken serially were
obtained in normal and infarcted mice[10], and one study showed excellent agreement
between murine 3D echocardiography and CMR[11]. Nevertheless, the difficulty of
obtaining serial parallel short-axis views on rodents, and the need for gated ultrasound
images[11, 12], have probably limited the use of rodent 3D echocardiography. Therefore,
the determination of LV volumes from 2D images remains a widely used approach in rodent
echocardiography, and even a proposed methodological “shortcut” in rodent CMR[16].

A recent study has shown variable agreement between various geometric models applied on
CMR images from mouse and rat LV and FV-CMR measurements[16]; in that study,
Simpson’s rule appeared to be superior to other 2D-based models. Simpson’s formula was
applied on apical echocardiographic views in rodents[25], however, in our experience,
apical views in rodents are foreshortened. Besides, whole LV volume measurements in three
dimensions using Simpson’s rule requires 2 orthogonal and longitudinal planes of the LV,
an approach of limited feasibility in rodent echocardiography. In the present study, a
modified Simpson’s rule applied on the echocardiographic long-axis view of the LV
underestimated EDV compared to FV-CMR, while HC-echocardiography provided
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concordant EDV values, and ESV underestimation seen with HC-echocardiography
persisted overall when the modified Simpson’s rule was used (Table 4).

The amount of LV dilatation and dysfunction was modest in our study when compared to
other works involving rats with MI[2]. However, our ability to show a significant correlation
between the two methods in parameters that were varied over a relatively narrow range
strengthens our results and shows both imaging methods to be similarly sensitive in our
hands.

When LV dilatation and dysfunction were measured by both methods as the difference
between the measurements in diseased animal and control values, overall testing, notably by
repeated measurements ANOVA, showed a similar discriminatory ability for both methods,
except in the group of animals with a small apical MI where HC-echocardiography detected
a larger reduction of EF than FV-CMR (Table 5). All the differentiating factors between the
techniques we discussed above and below can be invoqued to explain this particular result.
This finding is consistent with the study by Xu et al.[26] showing that measuring LV
function under more profound sedation can blur the detection of LV dysfunction.
Interestingly, in our study, echocardiography with HC model appeared to be more sensitive
than CMR-FV only when subtle LV dysfunction was considered (Table 5).

Limitations
One limitation of our study is the choice of anesthesia. We used ketamine for
echocardiography and isoflurane for CMR, so that each imaging modality was performed
under optimized and standard conditions. The use of different anesthetics is reflected in the
differences in heart rates seen between the two imaging modalities; this may contribute at
least in part to the differences in LV ejection fraction and dimension.

In rat echocardiography, our results in terms of LV function on ketamine[15, 27] were
higher than previous reports using ketamine and xylazine[25]. It has been shown that either
a combination of ketamine/xylazine or isoflurane caused a relatively significant bradycardia
and reduced function in rats compared to low dose pentobarbital[20]; our echocardiographic
data using ketamine are close to the published results in rats on low-dose pentobarbital and
in conscious rats[20]. Ketamine is less costly than pentobarbital, and ketamine’s shorter
duration of action makes it safer for diseased rats than pentobarbital[20]. Besides, in mouse
echocardiography, ketamine alone was shown to be a better agent than combined ketamine/
xylazine[26].

Other studies have compared echocardiography and CMR using a different anesthesia
regimen for each of the two modalities in rodents. Bunck et al. used a clinical 3T CMR
scanner on normal mice and compared full volume LV size to echocardiographic volumes
calculated using the Teichholz formula on M-mode measurements[8]. In that setting, they
obtained comparable results from the two modalities using 0.3-0.8% isoflurane for
echocardiography and 1-2% for CMR[8]. Comparability between the two imaging
modalities used in our study would have been enhanced by performing both imaging studies
with the same anesthesia. However, the short duration of action of ketamine, along with its
superficial sedation, would have made it unpractical for the prolonged CMR. On the other
hand, for full comparability to be achieved, echocardiography needed to be performed after
prolonged sedation with isoflurane, thus administering isoflurane for durations that match
what has been used in the CMR. Although rodent echocardiography is often performed
under isoflurane sedation, it is seldom performed after prolonged administration of
isoflurane. Therefore, while sacrificing some of the scientific comparability between
methods, our protocol assures that both imaging modalities are used and compared in the
conditions in which most investigators would use them. We believe this latter feature of our
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study enhances the practical usefulness of our results. The relevance of further studies is
certain in terms of refining the comparisons we performed; they need to be designed to
specifically subtract or eliminate the impact of the anesthesia regimen ion the discrepancy
between techniques.

A second limitation of our study is the practical difference in the measurement of the size
(area and diameter) of the LV cavity by echocardiography and CMR. Papillary muscles
were excluded from the LV wall in CMR and care was taken to exclude papillary muscles
from the LV wall in echocardiography. However, due to the limited tissue definition of
echocardiography and the small cavity size at end-systole in healthy control rats, it is not
possible to assure the exclusion of papillary muscles in end-systolic measurements. This
may contribute to the underestimation of ESV by echocardiography compared to CMR. The
difficulty in excluding papillary muscles from the LV wall in small animal
echocardiography, and particularly in end-systolic measurements, was also noted by the
authors of a recent study on mice[7]. In addition, the variable inclusion of LV trabeculæ in
the cavity is another known explanation for the differences between echocardiography and
CMR measurements[13], however, we are unable to quantify precisely the role of this factor
in our study. Time resolution was different between echocardiography and CMR, as
reflected in the lower frame rate of echocardiography. Different frame rates affect the
capture of the maximal (EDV) and minimal (ESV) ventricular volumes. Other sources of
disagreement include the comparison of a real-time imaging technique (echocardiography)
to reconstructed CMR images and the performance of either imaging by two separate
operators, adding potential operator effects.

All together, some of these sources of disagreement between methods have a worse impact
at end-systole than at end-diastole. Considering the naturally small values for ESV in normal
rats, this explains the large relative difference in ESV and EF between methods (Tables 1, 2
and 4). As a result, the scatter of difference and the agreement interval for ESV and EF are
wide in relative terms (Figure 3).

A third limitation appears to be the overestimation of volumes by HC-CMR compared to
FV-CMR (Tables 1 and 2). Part of this overestimation may be related to the inclusion of
portions of the LV outflow tract in a HC calculation that uses the length of the long-axis. A
fourth limitation of our study is the lack of a “gold standard” among our reference
measurements. Although CMR provides full-volume measures of LV by 3D imaging
without geometric assumptions, the status of CMR as a gold standard measure of LV
volumes in rodents is not as ascertained as it is in humans[1]. Prunier et al.[2] pointed to
variations in CMR measurements between studies, in which the sham rat groups had
different values, indicating additional sources of technical variation in rodent cardiac CMR.
Our values on infarcted rats depart from the ones obtained in a recent study[16]. However,
in the absence of a “gold standard”, our study, along with a previous study on mice[11],
reports concordant values from two independent and well-accepted imaging modalities. This
concordance, in our view, favors the accuracy of our measurements from both modalities.
Accurate measurement of absolute LV volumes is gaining importance in rodent
experiments, since the stroke volume is often used as a calibrator for LV volume
measurement by conductance catheters[28], and validation studies like ours are best suited
to generate reference values and ranges.
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Figure 1.
Corresponding 4 chamber and 3 chamber views of the LV by CMR along with serial short-
axis views used for full-volume analysis. Orange rectangle: navigator slice, yellow
rectangle: 3D imaging package. Serial short-axis views with an area Ai and separated by a
distance h are accounted for in the Simpson’s full volume calculation.
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Figure 2.
Corresponding long-axis and short-axis views of the LV by echocardiography, with 4
chamber and short-axis CMR on representative sham and post-myocardial infarction rats.
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Figure 3.
Bland-Altman plots of LV end-diastolic volume (EDV), end-systolic volume (ESV) and
ejection fraction (EF) by hemisphere-cylinder (HC) echocardiography vs. full-volume CMR
(CMR-FV).
Blue dots represent control animals (normal and sham groups) and red dots represent
diseased animals. Solid horizontal lines represent the mean difference between methods, and
dashed lines are the 95% confidence limits of the difference (mean±2 standard deviations).
Results of paired analysis (paired t-tests) are shown in Table 2.
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Figure 4.
Scatter-plots with linear regression fit of LV end-diastolic volume (EDV), end-systolic
volume (ESV) and ejection fraction (EF) by full-volume CMR (CMR-FV) vs. hemisphere-
cylinder (HC) echocardiography. Blue color is used for control animals (normal and sham
groups) and red color for diseased animals, with the black linear regression line drawn for
the overall (n=27) study sample.
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