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Pulmonary Flow as an Improved Method for
Determining Cardiac Output in Mice after

Myocardial Infarction
Mathew J. Platt, BSc, Jason S. Huber, MSc, Keith R. Brunt, PhD, and Jeremy A. Simpson, PhD,
Guelph, Ontario, Canada; and Saint John, New Brunswick, Canada

Background: Echocardiography is a valuable noninvasive technique to estimate cardiac output (CO) from the
left ventricle (LV) not only in clinical practice but also in small-animal experiments. CO is used to grade cardiac
function and is especially important when investigating cardiac injury (e.g., myocardial infarction [MI]). Criti-
cally, MI deforms the LV, invalidating the assumptions fundamental to calculating of cardiac volumes directly
from the LV. Thus, the purpose of this study was to determine if Doppler-derived blood flow through the pul-
monary trunk (pulmonary flow [PF]) was an improved method over conventional LV–dependent echocardiog-
raphy to accurately determine CO after MI.
Methods: Variations in CO were induced either by transverse aortic constriction or MI. Echocardiography was
performed in healthy (n = 27), transverse aortic constriction (n = 25), and MI (n = 41) mice. CO calculated from
PF (pulsed-wave Doppler) was internally compared with CO calculated from left ventricular images using
M-mode (Teichholz formula) and the single-plane ellipsoid two-dimensional (2D) formula and externally
compared with the gold standard, flow probe CO.
Results: In healthy mice, all three echocardiographic methods (M-mode, 2D, and PF) correlated well with flow
probe–derived CO. In MI mice, only PF CO values correlated well with flow probe values. Bland-Altman
analysis confirmed that PF was improved over M-mode and 2D echocardiography. Inter- and intrauser
variability of PF CO was reduced, and both inter- and intraclass correlation coefficients were improved
compared with either M-mode or 2D CO calculations.
Conclusions: PF CO calculated from pulsed-wave Doppler through the pulmonary trunk was an improved
method of estimating CO over LV–dependent formulas after MI. (J Am Soc Echocardiogr 2017;30:612-23.)
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Cardiac output (CO), the product of heart rate and stroke volume, is
an important measure of cardiac performance. Although various
methods exist for estimating CO (e.g., thermodilution, pulse pressure,
magnetic resonance imaging, etc.) these techniques are generally
invasive, are impractical in experimental models, or require highly
specialized and expensive equipment. Both clinically and experimen-
tally, echocardiography remains a frequently used method to rapidly
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and noninvasively estimate CO with low overhead cost for equip-
ment and training.

The ability to accurately determine CO is critical for assessing and
comparing myocardial function. Using echocardiography to deter-
mine CO is commonly accomplished by calculating left ventricular
(LV) volumes directly from one-dimensional (1D) and two-
dimensional (2D) images of the LV. Yet these calculations are limited
when the shape of the LV no longer adheres to the assumptions
defined by the formulas. Two common formulas are the 1D
‘‘M-mode’’ formula described by Teichholz et al.1 and the 2D single-
plane ellipsoid formula.2 These formulas were derived under the
assumption that the LV resembles an approximated ‘‘ellipsoid’’ shape
with uniform wall movement through each plane (vertical plane;
M-mode, long-axis plane; 2D). The accuracy with which
these 1D and 2D methods estimate stroke volume (diastolic
volume� systolic volume) is thus contingent on the LV’s maintaining
both this ellipsoid shape and uniformity of contraction.

Directly determining CO using these formulas is robust and com-
parable in models without perturbations in cardiac symmetry—
healthy or hypertensive hearts (e.g., transverse aortic constriction
[TAC])—in which the LV is symmetric, approximates an ellipsoid
shape, and exhibits uniform contraction.3-5 These formulas are
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Abbreviations

1D = One-dimensional

2D = Two-dimensional

CO = Cardiac output

ICC = Intra- and interclass

correlation coefficient

LV = Left ventricle, ventricular

MI = Myocardial infarction

MR = Mitral regurgitation

PF = Pulmonary flow

TAC = Transverse aortic
constriction

VTI = Velocity-time integral
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fallible when the LV no longer
adheres to these assumptions,
as is the case after myocardial
infarction (MI) (see Figure 1).
Here, (1) the chamber is dilated
and the LV shape distorted, (2)
the LV wall is nonuniform with
both hyper- and hypocontractile
myocardial tissue and/or akinetic
scar, and (3) pathology interferes
with proper landmarking (e.g.,
nonvisible papillary muscles).
Although these limitations are
recognized,6,7 and although
caution is suggested when using
1D and 2D approximations of
LV volumes in ischemic models
(e.g., MI),4 LV–dependent echo-
cardiographic methods for deter-
mining CO continue to be relied on. Accordingly, the purpose of this
study was to identify an improved echocardiographic method to
grade CO after MI that is more precise and accurate.

In large-animal MI models (e.g., porcine, ovine, and canine), the
complications associated with single-image formulas can be avoided
by calculating the volume of multiple cross-sectional images, collec-
tively accounting for differences in chamber shape and contractile
function between different ventricular segments. In small-animal
models of MI (e.g., murine, cricetine, and leporine), chamber size,
heart rate, and poor resolution of the thinly ballooned scar impair
the ability to obtain multiple cross-sectional volumes with reproduc-
ible accuracy. Indeed, an improved method would determine CO
regardless of LV pathology. In 2011, Tournoux et al. introduced the
use of pulsed-wave Doppler blood flow through the pulmonary trunk
(termed pulmonary flow, PF) as an alternative method to approxi-
mate CO in healthy mice and following acute endotoxic shock.8

What has yet to be investigated is whether this methodology can be
applied to the most common experimental models of heart failure,
for example, pressure overload (i.e., TAC) or volume overload (i.e.,
MI). In this study, we present data establishing PF as a preferable
method over classical LV–dependent echocardiographic formulas
for calculating CO, particularly in a mouse MI model, both increasing
the accuracy and reducing the variability of CO measurements. This
has relevance when investigating treatments for MI.
METHODS

Surgical Model

Briefly, 8- to 9-week-old male CD-1 mice (�35 g body weight)
were anesthetized with isoflurane/oxygen (2%:100%), intubated,
and ventilated (Harvard Apparatus, Holliston, MA) at 150 breaths/
min at a tidal volume of about 300 mL. Animals were randomly as-
signed to receive either MI or TAC. In the MI group, a thoracotomy
was performed on the left side of each animal to expose the left ante-
rior descending coronary artery, which was ligated with 7-0 Surgipro
II polypropylene suture (Covidien, Dublin, Ireland) directly inferior to
the left atrium. MI was confirmed by myocardial blanching. In the
TAC group, the cartilaginous connection between the sternum and
ribs 2 and 3 was separated to expose the upper mediastinum. The
transverse aorta was isolated and subsequently set with 7-0 Sofsilk
thread (Covidien) to the diameter of a blunted 26-gauge needle.
For both surgical models, the ribs and skin were closed using 5-0
Sofsilk suture. Mice were taken off anesthetic and allowed to recover
on 100% oxygen. Housing and experimental procedures were
approved by the animal care committee at the University of
Guelph and were in accordance with the guidelines for laboratory an-
imal welfare set forth by the University of Guelph.
Echocardiographic Analysis

Images were obtained between 9 AM and 3 PM using the Vevo2100
system (VisualSonics, Toronto, ON, Canada). All TACmicewere eval-
uated 18weeks after surgery. AllMImicewere evaluated 4 to 8weeks
after surgery. Mice were anesthetized with isoflurane/oxygen (1%–
1.5%:100%) just below the level of a pedal reflex to ensure compara-
ble anesthesia andmaintained at 37�C throughout procedures. All LV
images were acquired within 10 min of induction with the MS550D
ultrasound transducer set to 40 MHz. All measurements were done
using the Cardiac Package (VisualSonics). M-mode (1D) images
were analyzed using the LV-trace function, and long-axis B-mode
(2D) images were analyzed using the 2D area calculation. M-mode
images were obtained from either long- or short-axis views of the
heart at the midpapillary level. Two-dimensional images were ac-
quired from the long-axis view of the LV, where probe placement
was such that the LV chamber was visualized from the apex to the
outflow tract.
PF was measured from a parasternal short-axis view of the pulmo-

nary trunk just distal of the pulmonary semilunar valves with probe
placement arranged to obtain an image as depicted in Figure 2D,
similar to the long-axis view of the LV but with the probe moved 1
to 2 mm superiorly. Aortic flow was measured from a parasternal
long-axis view of the ascending aorta (Supplemental Figure 1, avail-
able at www.onlinejase.com). Pulmonary and aortic flows were calcu-
lated as the product of the vessel area (2pr2) and the velocity-time
integral (VTI) of the pulsed-wave Doppler of flow at that level
(Figure 2C, Supplemental Figure 1D, available at www.onlinejase.
com). Vessel diameter was measured just distal to the valve leaflets
where VTI was obtained. Doppler gain was consistently set between
32 and 35 dB at a frequency of 32 MHz to limit color Doppler vari-
ability.9,10 Beam steering, a novel function of the Vevo2100 system,
was used to ensure that the 2D angle between the direction of the
pulmonary trunk visualized in vivo and the sound beam(s) was <45�.
All echocardiographic images (M-mode, 2D, and flows) were ob-

tained in triplicate. All volumes were calculated as the mean of three
images sets; the mean of each set was five consecutive heartbeats. All
images were reanalyzed in a blinded manner to identify any subjec-
tivity, which was defined as any mean exceeding 10% between
repeated measures. In all cases of discrepancy, image quality was
poor in part or in entirety, and values were excluded from the analysis
(see Table 1). All images were acquired within 10 min of induction,
and calculations were done after acquisition.
Flow Probe

Similar to surgical intervention, mice were intubated and ventilated
(Harvard Apparatus) at 150 breaths/min at a tidal volume of about
300 mL with an isoflurane/oxygen mix (2%:100%). Mice were main-
tained at 37�C with a rectal probe and heating lamp throughout data
collection. Ribs were separated at the cartilaginous connections of ribs
2, 3, and 4 to expose the upper mediastinum. A piece of 7-0 silk
thread was looped around the ascending aorta used and to delicately
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Figure 1 Nonuniform LV wall composition and kinetics after MI. Long-axis and short-axis images from a healthy (A) and an MI (B)
heart in both diastole (top panels) and systole (bottom panels), where D0 (diameter) approximates chamber diameters obtained
from the midpapillary region. In healthy hearts, the LV approximates an ellipsoid shape, the papillary muscles are used to landmark
location, and thismidpapillary region is representative of global wall thickness and contraction. AfterMI, the infarcted LV is composed
of both thin akinetic scar tissue and thicker remaining myocardium with varying degrees of contractile function. This results in a non-
ellipsoid shape that is inconsistent in dimensions between systole and diastole and a midpapillary region that is no longer represen-
tative of global LV wall thickness, contour, or contractility. Furthermore, frequent ablation of papillary muscles restricts reproducible
landmarking for image acquisition. These abnormalities directly affect the ability to accurately determine chamber volumes frommea-
surements of LV dimensions.
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place the aorta inside the 1.5-mm-diameter flow probe (Transonic,
Ithaca, NY). This flow probe was connected to the TS420
Perivascular Flow Module, and CO calculations were presented as
a digitized readout directly on the machine. Probe placement was
adjusted to obtain peak flow, and CO was recorded when peak
flow values were maintained for at about 3 consecutive seconds
(approximately 30 heartbeats). In contrast to previous studies,8 flow
probe CO calculations were made 24 hours after echocardiographic
CO calculations, as flow probe placement directly impeded concur-
rent echocardiographic visualization of the pulmonary trunk.



Figure 2 Visualization of PF through the pulmonary trunk of a healthy mouse. (A) Pulmonary trunk diameter (white line) at the point at
which flow was measured. (B) Color Doppler visualization through the pulmonary trunk. (C) Representative pulsed-wave tracing of
the PF VTI obtained over four consecutive heartbeats. (D) An unlabeled (top) and a labeled (bottom) image of the pulmonary trunk and
surrounding structures of importance. The red arrows represent the direction of blood flow.

Table 1 Comparison of different methods for calculating CO, particularly in the murine model

PF

(pulmonary trunk)

M-mode

(left ventricle)

2D

(left ventricle)

Aortic flow

(ascending aorta)

Flow probe

(aorta)†
3D MRI

(left ventricle) Thermodilution

Used in this study Yes Yes Yes Yes Yes No No

Frequency of quality images* Control = 100%

MI = 95%
TAC = 92%

Control = 96%

MI = 90%
TAC = 92%

Control = 92%

MI = 84%
TAC = 73%

Control = 73%

MI = 75%
TAC = N/A

Control = 93%†

MI = 93%†

TAC = N/A

NA NA

Reproducibility of landmarks

for image acquisition

Control = U

MI = U

TAC = U

Control = U

MI = ╳
TAC = U

Control = U

MI = ╳
TAC = U

Control = U

MI = U

TAC = ╳

Control = U

MI = U

TAC = U

NA NA

Measures forward flow U ╳ ╳ U U ╳ U

Independent of LV wall

composition/kinetics

U ╳ ╳ U U U U

Light anesthesia U U U U ╳ ╳ ╳
Noninvasive U U U U ╳ U ╳
Spontaneous breathing U U U U ╳ U ╳
Estimated time to acquire CO

(total anesthetic time) (min)

5–10 5–10 5–10 5–10 15–30 15–30 �30

3D, three-dimensional; CO, cardiac output; MRI, magnetic resonance imaging; NA, not applicable.

*The image exclusion criterion was an intrauser-calculated CO varying by >10% upon blinded re-analysis.
†Invasive techniques present an increased risk for losing data to surgical complications.
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Table 2 Intra- and interuser variability of echocardiographic methods

Variability

Intrauser (two users) Interuser (two users)

Healthy

n = 10 M-mode 2D PF n = 30 M-mode 2D PF

HR 1.4 6 0.8 1.4 6 0.8 1.7 6 1.2 HR 0.4 6 0.7 0.2 6 0.5 0.7 6 0.7

CO 2.8 6 1.6* 2.7 6 1.4* 1.6 6 1.4 CO 5.1 6 3.8* 6.0 6 3.9* 3.1 6 2.5

MI

n = 9 M-mode 2D PF n = 27 M-mode 2D PF

HR 2.7 6 1.9 1.9 6 1.4 2.1 6 1.9 HR 0.8 6 0.4 0.4 6 0.8 0.5 6 0.7

CO 16.2 6 7.8* 20.7 6 6.6* 3.1 6 2.2 CO 41.2 6 28.3* 37.6 6 27.5* 7.2 6 5.3

HR, Heart rate.

Data are the absolute variability between images 6 SD.
*Significance from PF as determined by one-way analysis of variance, P < .05.

Table 3 Intra- and interclass correlation coefficients

Intraclass correlation

coefficient

Interclass correlation

coefficient

Intraclass correlation

coefficient

Interclass correlation

coefficient

Healthy MI

M-mode 0.902 0.679 M-mode 0.519 0.119

2D 0.834 0.692 2D 0.625 0.351

PF 0.881 0.833 PF 0.817 0.754
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CO Calculations

The following formulas were used to calculate cardiac volumes
from echocardiographic images (in all cases, CO was the product of
stroke volume and heart rate):

M-mode (1D): volume = [7.0/(2.4 + D)]D3, where D is the inter-
nal ‘‘diameter’’ at the midpapillary region of long-axis B-mode im-
ages in either systole or diastole.1 Stroke volume was calculated as
the difference between diastolic and systolic volumes.
2D: volume = [(8 � A2)/(3pL)], where A is longitudinal surface
area, and L is chamber length.2 Stroke volume was calculated as
the difference between diastolic and systolic volumes.
PF/aortic flow: volume = (VTI)(2pr2). Flow-derived stroke vol-
umes were calculated as a product of the VTI and the vessel
cross-sectional area (pulmonary trunk or ascending aorta) at the
point of peak flow, where r is vessel radius.8
Variability Assessments

Variability of echocardiography-derivedCOvalues (M-mode,2D, and
PF) was assessed within users (intrauser variability) and between users
(interuser variability) and is summarized inTable2.A total ofnine images,
three with each method, were collected per animal (n = 11 for healthy
mice, n=9 forMImice). All imageswere acquired rapidly over a period
of<10min tohelp ensure similar heart rates andbody temperatures.CO
from each image was averaged over five heartbeats (between breathes).
Intrauser variability was calculated from the SD within each set of three
images (M-mode, 2D, or PF) and expressed as a percentage of the
average CO for that method in that particular mouse. The intraimage
variability per user was averaged per mouse (n= 3) and the reported in-
trauser percentage is the average variability between the two users.
Interuser variability was calculated as the average absolute percentage
difference between user 1’s and user 2’s calculations from the same im-
ages (n = 30–36 per method). Intra- and interuser reliabilities were as-
sessed using intra- and interclass correlation coefficients respectively,
and values are presented in Table 3. Correlation coefficients were calcu-
lated in Excel (Microsoft, Redmond, WA) using the ‘‘Anova: Two Factor
without Replication’’ data analysis table (i.e., a repeated-measures
analysis) and the formula {[MSRow � MSE]/[MSRow +
(dfCol)(MSE) + (dfCol + 1)(MSCol � MSE)/(dfRow + 1)]} (adapted
fromWeir11).
Histologic Approximation of Infarct Size

A total of 10 mice were blindly selected for infarct size estimation
following data collection. Briefly, hearts were perfusion-fixed with
1 � PBS, 50 mmol potassium chloride and 10% neutral buffered
formalin (VWR International, Mississauga, ON, Canada) through the
right common carotid artery. Hearts were processed overnight and
embedded in paraffin. Cross-sectional slices (5 mm) were obtained
from the approximated apical, midpapillary, and basal regions of the
heart. Sections were stained with Gomori’s One Step Trichrome
(Poly Scientific, Bay Shore, NY). Images were acquired using an
Olympus FSX100 light microscope and analyzed using Cell Sense soft-
ware (Olympus, Tokyo, Japan). Infarct size was determined as a per-
centage of total LV circumference as averaged from all three sections.
Average infarct size using this method was 55.2 6 9.7% of the total
LV circumference.



Table 4 Expanded echocardiographic and CO data

Healthy TAC MI

M-mode n = 26 n = 23 n = 37

EDD (mm) 4.74 6 0.05 5.16 6 0.13* 6.29 6 0.12*

ESD (mm) 3.37 6 0.08 4.46 6 0.20* 5.83 6 0.15*

EF (%) 55.5 6 1.4 29.4 6 3.4* 16.7 6 9.6*

FS (%) 29.1 6 0.9 14.3 6 1.8* 7.8 6 0.8*

SV (mL) 59.1 6 1.4 33.1 6 2.7* 30.0 6 2.1*

HR (beats/min) 533 6 9 572 6 10* 553 6 8*
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Bland-Altman Analysis

Bland-Altman graphs were created in Prism 6.0 (GraphPad
Software, La Jolla, CA) to evaluate the agreement between reference
values (e.g., flow probe) and comparator values (e.g., M-mode, echo-
cardiography).12 Zero-bias lines are presented as the ‘‘ideal agree-
ment’’ between the two compared methods across a range of
differences. Regression lines are plotted to demonstrate the direc-
tional biases, that is, whether a bias is more likely to exist above or
below a particular inflection point. The difference between the refer-
ence and comparator values was plotted against the average of these
values to reduce the risk for biasing trends.13 Mean difference, 95%
CI, and range are also presented.
CO (mL/min) 31.4 6 1.0 18.9 6 1.5* 16.6 6 1.1*

2D (long-axis) n = 23 n = 19 n = 27

Diastolic length (mm) 7.47 6 0.16 8.88 6 0.24* 9.24 6 0.15*

Systolic length (mm) 6.51 6 0.15 8.21 6 0.17* 8.71 6 0.18*

Diastolic area (mm2) 31.0 6 0.6 38.9 6 2.0* 53.00 6 2.20*

Systolic area (mm2) 19.4 6 0.7 33.2 6 1.5* 48.10 6 2.52*

EF (%) 55.3 6 1.4 24.1 6 3.0* 15.2 6 1.6*

FAC (%) 37.7 6 1.0 16.6 6 2.2* 10.1 6 1.0*

SV (mL) 55.9 6 1.2 30.0 6 2.5* 31.8 6 2.5*

HR (beats/min) 535 6 8 580 6 12* 548 6 14

CO (mL/min) 29.6 6 0.6 17.4 6 1.5* 17.3 6 1.5*

PF n = 27 n = 23 n = 39
Statistical Analysis

Averages are presented as 6SEM unless otherwise indicated. SD,
Pearson correlation, and Bland-Altman (Tukey mean difference)
plot analysis with an absolute mean/range difference were deter-
mined using Prism 6.0. All other variables were compared using either
Student’s t test (for paired values) or one-way analysis of variance for
group comparisons; P values < .05 were considered to indicate statis-
tical significance in all cases. Because higher n values increase absolute
inter- and intraclass correlation coefficient values,14 we compared a
similar number of CO values for the these calculations (n range = 32–
36). inter- and intraclass correlation coefficient values were then
compared against one another to determine relative reliability of
each technique.
VTI (mm2/sec) 30.6 6 1.0 17.7 6 1.3* 23.3 6 0.9*

PT diameter (mm) 1.56 6 0.02 1.60 6 0.02* 1.57 6 0.02

SV (mL) 57.3 6 1.2 35.0 6 2.3* 44.4 6 1.3*

HR (beats/min) 535 6 10 576 6 10* 552 6 7*

CO (mL/min) 30.4 6 0.6 20.1 6 1.3 24.8 6 0.7

Aortic flow n = 13 n = 0 n = 14

VTI (mm/beat) 36.7 6 2.1 NA 24.6 6 1.2*

Aortic diameter (mm) 1.45 6 0.11 NA 1.48 6 0.05

SV (mL) 58.7 6 1.3 NA 42.3 6 1.6*

HR (beats/min) 538 6 15 NA 560 6 11*

CO (mL/min) 31.2 6 0.6 NA 23.7 6 0.9*

Flow probe n = 13 n = 0 n = 12

HR (beats/min) 527 6 16 NA 575 6 11*

CO (mL/min) 20.6 6 0.8 NA 18.3 6 0.9*

EDD, End-diastolic dimension; EF, ejection fraction; ESD, end-sys-

tolic dimension; FAC, fractional area of change; FS, fractional short-

ening; HR, heart rate; NA, not applicable; PT, pulmonary trunk; SV,
stroke volume.

Data are presented as average 6 SEM.

*Significance from healthy, P < .01.
RESULTS

We compared three methods of echocardiography-derived CO (M-
mode, 2D, and PF) to a literature gold standard for CO (flow probe) in
healthy mice and two experimental models of heart failure (i.e., TAC
andMI). Complete echocardiographic values are summarized in Table 4.

CO determined from PF or LV chamber dimensions should be
equivalent in healthy and pathologic conditions in which the LV
chamber is uniform in thickness and function. This was confirmed
by the strong correlation between all three echocardiographic
methods (M-mode, 2D, and PF; Figure 3) in healthy and TAC mice.
In healthy and TAC mice, PF CO correlated well with both
M-mode (R2 = 0.945, P < .001) and 2D (R2 = 0.914, P < .001) along
the line of identity. In MI mice, however, PF correlations with
M-mode (R2 = 0.359, P < .001) and 2D (R2 = 0.498, P < .001)
CO were weaker, and PF consistently overapproximated respective
2D and M-mode CO calculations (Figure 3, blue triangles).
Importantly, the two LV–dependent measurements (2D and M-
mode) were in disagreement (R2 = 0.086, P = .146; Figure 3C), high-
lighting the difficulty in precisely determining chamber volumes using
M-mode and 2D formulas after MI.

To determine which of the three methods was more accurate in
MI mice, we compared them with a gold standard for determining
CO: intrathoracic flow probe.8 In healthy mice (n = 13; black circles),
all three echocardiographic methods (M-mode, 2D, and PF) signifi-
cantly correlated with the flow probe measures (R2 = 0.709, 0.530,
and 0.901, P < .001, respectively; Figure 4). Although flow probe is
a gold standard for determining CO, this method underestimates
physiologic CO values compared with echocardiography-derived
measurements (Supplemental Table 1, available at www.onlinejase.
com). Likewise, lower CO measures with a flow probe assessment
were shown in comparison with physiologically derived CO by
echocardiography previously.8 This expected bias is attributed to
artificial ventilation of the mice and the deeper anesthetic plane
required for the open-chested preparation needed to place the
flow probe around the aorta (mechanical ventilation induces a pos-
itive intrathoracic pressure that reduces venous return and subse-
quent CO).15,16 In MI mice (n = 13; blue triangles), only PF CO
correlated well with flow probe CO (R2 = 0.669, P < .001;
Figure 4C); M-mode CO correlated poorly (R2 = 0.346,

http://www.onlinejase.com
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Figure 3 Pearson correlations plots of echocardiographically determined CO. Three methods for calculating CO were compared in
three groups of mice: healthy, TAC, andMI hearts. Correlations of (A)PF andM-mode CO (MI, n = 34; TAC, n = 22; healthy, n = 24), (B)
PF and 2D single-plane CO (MI, n = 27; TAC, n = 19; healthy, n = 23), and (C) M-mode and 2D CO (MI, n = 26; TAC, n = 19; healthy,
n = 21). Each point represents a male CD-1 mouse in which CO values were acquired at statistically similar body temperatures and
heart rates. CO values calculated from all threemethods correlated strongly in both healthy and TAC hearts. InMI hearts, however, M-
mode and 2D both underapproximated the majority of CO values compared with PF. No correlation existed in MI hearts between the
two LV–derived CO calculations (M-mode and 2D), demonstrating a lack of conformity between both LV–dependent methods in MI
hearts. The dashed black line represents the line of identity in all images. Solid black lines are the lines of best fit for the pooled TAC
and healthy data, and solid blue lines are the lines of best fit for MI data.

Figure 4 Pearson correlations and Bland-Altman analysis comparing CO between flow probe and echocardiography in healthy and
MImice. Flow probe CO is plotted against (A)M-mode- (MI, n = 12; healthy, n = 12), (B) 2D (MI, n = 11; healthy, n = 13), and (C) PF (MI,
n = 12; healthy, n = 13) CO values. All threemeasurements strongly correlated with flow probe in healthymice (black dots). In contrast,
only PF (C) strongly correlated with flow probe in MI mice. The dotted line represents the line of identity. The bottom panels (D–F) are
Bland-Altman plots of the data from (A), (B), and (C) (organized vertically). Differences (in milliliters per minute) represent the subtrac-
tion of the gold standard (flow probe) from the referencemeasure (indicated). Bland-Altman analysis demonstrated strong agreement
between PF and flow probe with a lower range of differences compared with M-mode or 2D relationships with flow probe.
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P = .046; Figure 4A), while 2D-derived CO had no significant cor-
relation (R2 = 0.277, P = .097; Figure 4B). By Bland-Altman anal-
ysis, flow probe to M-mode (Figure 4D) and 2D (Figure 4E)
demonstrated less precise and less accurate measures and did not
maintain the expected positive bias of the methodology to the
gold standard flow probe. Furthermore, the SD of the mean



Figure 5 Individual LV images depicting the potential for error in LV–dependent volume calculations. (A) Representative B-mode im-
ages in diastole (top) and systole (bottom) used to obtain end-diastolic dimension (EDD) and end-systolic dimension (ESD) from
healthy, TAC, andMImouse hearts. The dashed white lines represent 0.5-mm locations on either side of themidpapillary region (solid
white line), which is perpendicular to the cardiac outflow tract from apex to aorta (dashed red line). These white lines approximate
varied M-mode placements to estimate potential interuser variability. (B) Percentage changes in both EDD and ESD were calculated
using the Teichholz formula from the three variable locations. Both EDD and ESD were relatively stable in the healthy and TAC mice,
whereas in the MI heart, the minor changes in location resulted in different dimensions. (C) These alternative dimensions translate to
large variations in calculated stroke volume (SV) and CO for the representative MI heart shown.
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difference was greater than the mean, while the range of difference
was 20 to 25 mL/min. In contrast, flow probe to PF (Figure 4F)
demonstrated improved accuracy and precision, retained the
expected positive bias, and had a <10 mL/min range difference
across healthy and MI animals.
We then investigated the intra- and interuser variability of PF CO
compared with both M-mode and 2D echocardiography (Table 2).
In healthy mice, both intra- and interuser PF CO variability was
lower compared with 2D and M-mode CO variability. This reduc-
tion in variability was more pronounced in MI mice, where PF



Figure 6 Representative short-axis images depicting the LV from healthy and MI hearts at end-diastole (left) and end-systole (right).
Traced internal outlines in both diastole (blue) and systole (red) highlight nonuniform wall kinetics in the MI LV compared with the uni-
form wall kinetics in the healthy heart. The dimensions used to calculate CO were taken from movement in either the a (horizontal)
plane or b (vertical) plane. CO calculations were done using the Teichholz 1D formula (a/b) and the single-plane 2D ellipsoid formula
(images not shown) and compared with PF calculations from the same mice.
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CO variability was sixfold lower than both the intra- and interuser
variability of M-mode and 2D measurements. Variability in CO cal-
culations was confined to stroke volume, as confirmed by the low or
negligible variability in heart rate. We also calculated inter- and intra-
class correlation coefficients as a measure of reliability and reproduc-
ibility between and within users, respectively (Table 3). In healthy
mice, all three CO methods, M-mode (intra = 0.902), 2D
(intra = 0.834), and PF (intra = 0.881) agreed well internally.
Between users, PF-calculated CO values (inter = 0.833) were
more similar than 2D (inter = 0.692) or M-mode (inter = 0.679)
CO values. In MI, PF CO demonstrated the strongest internal agree-
ment (intra = 0.817). Although less strong, both M-mode
(intra = 0.519) and 2D (intra = 0.625) CO values also demon-
strated reasonable internal agreement. Between users, neither M-
mode (inter = 0.119) nor 2D (inter = 0.351) CO values agreed.
Only PF CO values (inter = 0.754) demonstrated reasonable agree-
ment between users. Taken together, PF offered lower intra- and in-
teruser variability and demonstrated improved agreement of
repeated measures within and between users compared with M-
mode or 2D in healthy mice and particularly in MI mice.
DISCUSSION

PF provided a simple, reproducible technique with strong inter and
intrauser agreement for the estimation of CO compared with both
methods relying on LV chamber morphology (i.e., M-mode and
2D). This was particularly relevant after MI, as echocardiographic
methods relying on the extrapolation of volumes from chamber di-
mensions (i.e., M-mode and 2D) are fallible when LV chamber
morphology is irregular (Figure 1). PF was less variable and demon-
strated stronger agreement with flow probe CO than either
M-mode or 2D. These data suggest that PF is useful for determining
CO after MI.
We demonstrate low technical variability in determining VTI
(Table 2). Our users, likely because of the superior resolution of a
Vevo2100 system, were able to further reduce intra- and interuser
variability as much as twofold over previous work.8 As well, the pul-
monary trunk does not extensively remodel after MI, which is advan-
tageous for the technical reproducibility of images. To highlight the
potential risk for operator variability when remodeling affects LV
morphology (i.e., MI), we provide a case example in Figure 5. Here,
representative B-mode images with slight displacements of the
M-mode lines (60.5 mm from approximately the midpapillary re-
gion) are presented from individual TAC, MI, and healthy hearts
(Figure 5A). Changes in M-mode location resulted in a 14% change
in end-diastolic diameter and a 20% change in end-systolic diameter
in the MI heart (Figure 5B) compared with about62% changes in the
TAC and healthy hearts. This variability inMI LV chamber dimensions
translated to a650% change in stroke volume and huge variability in
CO measures (4.6–19.8 mL/min; Figure 5C). Because 2D calcula-
tions from the LV require clear visualization of the entire long-axis
view, similar error can exist in situations in which the base and/or
apex is not clearly visible (and chamber length is difficult to deter-
mine) or when septal contractions are significantly contributing to
CO (Figure 6).

Although the potential for error associated with single-plane
methods (M-mode and 2D) is recognized after ischemic injury in hu-
mans1,2,4,17 (and directly reported in select studies18), the extent of
the variability using these methods is likely more pronounced in mu-
rine models, in which average survivable infarct size is significantly
larger than in humans.19,20 Indeed, the infarct size in our study
(measured as a percentage of LV circumference) was about 55%
compared with an average infarct size in humans that is generally
<30%.21,22 The limitations of M-mode and 2D are further affected
by damaged or ablated papillary muscles, a condition that can
occur in the MI model (indeed, papillary muscles were not visible
in about 40% of MI hearts in this study). This increases the



Figure 7 Pearson correlations between aortic flow (AF) and PF in both healthy and MI mice. Scatterplots of paired AF and PF values
from (A) healthy (n = 13) and (B) MI (n = 15) mice. AF correlated strongly with PF in both healthy (R2 = 0.779, P < .001) and MI
(R2 = 0.753, P < .01) along the line of identity (dotted line), suggesting that these three methods were interchangeable for approxi-
mating CO. Bland-Altman analysis shows agreement between AF and PF measures in (C) healthy and (D)MI that were both precise
and accurate. Differences (inmilliliters perminute) represent the subtraction of the gold standard (flow probe) from the referencemea-
sure (indicated).
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difficulty of landmarking a reproducible location for functional
assessment and the potential for human error. In contrast, the
pulmonary trunk (and reference right ventricular semilunar valves)
were visible in about 95% of MI hearts, representing a clearly
improved landmark for interuser consistency.

An important benefit of PF compared with LV–dependent
methods is the specificity of measuring forward flow (see Table 1).
This is relevant in patients with MI, in whom mitral regurgitation
(MR) is prevalent.23 In situations of regurgitation, LV stroke volumes
determined directly from the LV (M-mode and 2D) overestimate for-
ward CO because of backflow. Although flow probe and thermodilu-
tion also measure forward flow, these methods require a deeply
anesthetized open-chested ventilated preparation that reduces
CO.15 Echocardiography permits spontaneous breathing with light
anesthetic over the short period of time required for data acquisition
(>10 min).

An additional method to measure total forward blood flow by
echocardiography would be to measure aortic flow. When measured,
aortic flow and PF were equitable and in agreement in both healthy
andMI mice (Figure 7). A similar strength of correlation between pul-
monary and aortic flow has been reported in patients.24 However, we
found that the angle of the aorta made aortic flow more difficult to
obtain than PF. In aortic constriction models (e.g., TAC), this is increas-
ingly problematic, as scarring in the thoracic cavity and around the
aortic arch further obstructs imaging.

Because experimental procedures such as pressure-volume loops
rely on the manual input of predetermined stroke volume, PF calcu-
lations will improve the accuracy of this secondary cardiac evaluation
in MI mice particularly. In contrast to the conductance system (i.e.,
Millar), the admittance system (i.e., Scisense) for pressure-volume
loop analysis requires the user to manually input stroke volumes for
eachmouse so that the software accurately measures in vivo volumes.
Because stroke volume can be derived from CO, the use of PF CO
would be most useful in MI mice because it is more accurate and pre-
cise than LV–based determination.
Study Limitations

CalculatedDoppler velocities (VTIs) are angle dependent. Variable an-
gles between the blood flow stream and ultrasound beam can skew
calculations. The angle of incidence between the ultrasound beam
and the direction of flow can easily be accounted for by the user in
the x and y dimensions but is indeterminate in the z dimension.
However, variability in the z dimension can be minimized by using a
platform angle, whereby one can reproducibly visualize the pulmo-
nary trunk from the valve leaflets to the bifurcation (Figure 2D).
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Thus, the consistent placement of the animalwith respect to the probe,
to provide a complete long view of the pulmonary trunk, should limit
the magnitude of this indeterminate, but not insignificant, angle.

Another limitation of this study was our inability to compare the
values of every technique in each mouse (M-mode, 2D, PF, aortic
flow, and flow probe). This may have introduced an inadvertent
bias in the comparative analysis. It is possible this omission of data
skewed our results, reducing data variability and improving the rela-
tionships between the various methods compared. However, PF
consistently provided a greater number of usable images for analysis
(Table 1), so that any potential variability bias would more likely influ-
ence other more frequently excluded measures of CO.

The comparison of echocardiographic CO values with flow probe
CO values was additionally limited by the inability to simultaneously
obtain values (as was the case in previous studies8). This was the result
of the placement of the flow probe in the upper mediastinum, directly
atop the greater vessels, which made concurrent visualization of the
pulmonary trunk impossible. Although flow probe values were
reduced by about 30% from echocardiographic CO values
(Figure 4A–4C), this was similar to the reduction in CO we observed
by echocardiography before and after a pneumothorax and artificial
ventilation; the required preparation for flow probe assessment
(Supplemental Table 1, available at www.onlinejase.com). Any day-
to-day variations in hemodynamic function would be marginal, as
this model is stable at the time point of comparative analysis.

An additional limitation was the lack of comparison between aortic
flow and flow probe. This was due to the frequent difficulty in visual-
izing the ascending aorta to obtain accurate and reliable measures
(Table 1). In our models, we found that PF was consistently easier to
obtain than aortic flow. However, in models in which the pulmonary
trunk is more difficult to visualize (e.g., pulmonary artery banding), an
alternative viewdepicting the LVoutflow tract instead of the ascending
aorta may provide a complementary measurement to PF CO.

We also did not assess MR in this study. Although we cannot
comment on the presence or absence of MR in our model, specula-
tively, in a mouse in which MR may have been present (i.e., MI),
CO values obtained from LV measurements would be overapproxi-
mated because of the backflow of blood into the left atrium.
Indeed, this makes quantification of cardiac volumes from the LV
even more fallible after MI and possibly contributes to the impaired
relationship between the different LV–derived CO values obtained
from MI (Figure 3C). Future studies would benefit from assessing
the accuracy and benefit of PF in the quantified presence or absence
of MR.
CONCLUSIONS

In summary, PF improves the accuracy and reduces the variability of
CO calculations, particularly after MI in mice. Reducing data vari-
ability is beneficial for increasing the power of preclinical studies
with a decreased reliance on sheer animal numbers. PF was also
less variable in healthy mice and provided a secondary validation of
CO in models in which the LV maintains uniform wall thickness
and contractile properties. This is particularly valuable in expensive
and/or complicated models in which animal numbers may be limited
or abnormal morphology (i.e., LVorientation) is difficult to classically
image. Future investigations would benefit from investigating this
method against flow probe and magnetic resonance imaging in other
animal models, as well as in humans, in which classical cardiac imag-
ing is obstructed or when LV morphology is asymmetric.
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Supplemental Table 1 Reductions in CO by
echocardiography after ventilation and pneumothorax
compared with reductions in CO between echocardiography
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APPENDIX
Supplemental Figure 1 Visualization and Doppler flow profile
through the ascending aorta (Asc Ao) of a healthy mouse. (A)
Diameter (white line) at the point where flow was measured.
(B) Labelled image of the Asc Ao. The red arrow depicts blood
flow direction. (C) Color Doppler visualization through the Asc
Ao. (D) Representative pulsed wave tracing of the velocity
time integral (VTI) obtained over four consecutive heart beats.
Note that in this particular instance (C), beam steering (a func-
tion of the Vevo2100 machine) was used to maintain the angle
of acquisition below 45 degrees.

and flow probe preparations

Healthy mouse CO before and after ventilation and pneumothorax

Biological (n = 4) and technical (n = 3) replicates

M-mode 2D PF

Starting CO (mL/min) 30.7 28.9 29.6

Final CO (mL/min) 20.3 16.4 18.9

% change Y�35% Y�43% Y�37%

Healthy mouse CO averages at time of echocardiography (top row)

and flow probe (bottom row)

M-mode 2D PF

Echocardiographic CO (mL/min) 30.0 29.4 30.2

Flow probe CO (mL/min) 20.6 20.6 20.6

% change Y�32% Y�30% Y�31%
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