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ABSTRACT

Cardiac pressure-volume relations enable quantification of
intrinsic ventricular diastolic and systolic properties independent
of loading conditions. The use of pressure-volume loop analysis
in early stages of development could contribute to a better
understanding of the relationship between hemodynamics and
cardiac morphogenesis. The venous clip model is an intervention
model for the chick embryo in which permanent obstruction of
the right lateral vitelline vein temporarily reduces the mechanical
load on the embryonic myocardium and induces a spectrum of
outflow tract anomalies. We used pressure-volume loop analysis
of the embryonic chick heart at stage 21 (3.5 d of incubation) to
investigate whether the development of ventricular function is
affected by venous clipping at stage 17, compared with normal
control embryos. Steady state hemodynamic parameters demon-
strated no significant differences between the venous clipped and
control embryos. However, analysis of pressure-volume relations
showed a significantly lower end-systolic elastance in the clipped
embryos (slope of the end-systolic pressure-volume relation:
5.68 * 0.85 versus 11.76 = 2.70 mm Hg/uL, p < 0.05),
indicating reduced contractility. Diastolic stiffness tended to be
increased in the clipped embryos (slope of end-diastolic pres-
sure-volume relation: 2.74 = 0.56 versus 1.67 £ 0.21, p =
0.103), but the difference did not reach statistical significance.
The results of the pressure-volume loop analysis show that 1 d
after venous obstruction, development of ventricular function is

Animal models are required to study mechanisms of early cardio-
vascular development. The chick embryo has been used as a
model for many decades because the embryonic chick heart
resembles the developing human heart in many aspects (1,2). The
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affected, with reduced contractility. Pressure-volume analysis
may be applied in the chick embryo and is a sensitive technique
to detect subtle alterations in ventricular function. (Pediatr Res
57: 16-21, 2005)

Abbreviations
CO, cardiac output
EDP, end-diastolic pressure
EDPVR, end-diastolic pressure-volume relation
EDYV, end-diastolic volume
E;p, end-diastolic stiffness
Egg, end-systolic elastance
EF, ejection fraction
ESP, end-systolic pressure
ESPVR, end-systolic pressure-volume relation
ESV, end-systolic volume
ESV,, end-systolic volume at 2 mm Hg
HH, Hamburger and Hamilton
HR, heart rate
PER, peak ejection rate
PFR, peak filling rate
PHT, pressure half time
SV, stroke volume
SW, stroke work

intricate relationship between hemodynamics and cardiac mor-
phogenesis has been a major study topic in this model.

The venous clip model is an intervention model for the chick
embryo in which permanent obstruction of the right lateral
vitelline vein temporarily reduces the mechanical load on the
embryonic myocardium and induces a spectrum of outflow
tract anomalies (3). This model was designed to obtain insight
into the effects of altered venous return patterns on cardiac
morphogenesis and malformations (4).
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In the chick embryo, information on cardiac function can be
assessed through blood flow velocities and pressure wave form
recordings (1,5-7). In a previous study using a 20 MHz
Doppler velocity meter, we have demonstrated that the exper-
imental alteration of venous return caused by venous clipping
has major acute effects on hemodynamics in the HH stage 17
chick embryo (3,8). Peak systolic velocity, peak blood flow,
and SV are all significantly decreased for up to 5 h after
clipping. However, dorsal aortic Doppler measurements give
indirect information on cardiac function. Direct information
can be assessed using cardiac pressure-volume loop analysis
(9). This method enables assessment of ventricular diastolic
and systolic properties independent of loading conditions.
Pressure-volume analysis has been widely used in both human
and animal studies (10—12). Only a few studies, in (near-term)
fetal lambs and chick embryos, have been done during embry-
onic or fetal development (9,13-15).

The use of pressure-volume loop analysis in early stages of
development could contribute to a better understanding of
cardiovascular developmental processes and especially the re-
lationship between cardiac function and cardiac morphogene-
sis, as cardiac morphogenesis depends on the interaction be-
tween genetics and epigenetic influences like fluid mechanical
forces (16).

Because mechanical load influences cardiac development
and clipping the right lateral vitelline vein alters mechanical
load, we tested the hypothesis that clipping could lead to
long-term changes in ventricular function. For this purpose a
custom-made workstation was used to simultaneously measure
intraventricular pressure and capture video images of the beat-
ing ventricle. We performed pressure-volume loop analysis of
the embryonic chick heart at stage 21 to investigate whether the
development of ventricular function is affected by venous
clipping at stage 17 compared with normal control embryos.

MATERIALS AND METHODS

Animals. Fertilized white Leghorn chick eggs (Gallus gallus (L.)) were
obtained from Charles River Laboratories (Extertal, Germany) and were
incubated at 37-38°C, with the blunt end up and at a relative humidity of
70-80%. The embryos were exposed by creating a window in the shell and
removing the overlying membranes. Twenty-one embryos that were at HH
stage 17 and that showed no bleeding or deformities were selected (8). The
material was subdivided into venous clipped embryos (n = 11), in which the
right vitelline vein was obstructed with an aluminium microclip, and control
embryos (n = 10). A more detailed description of the clipping procedure has
been published previously (3). During the experiments, the eggs were placed
on a heating element at 37°C. Experiments were approved by the Animal
Experimentation Review Board of the Erasmus Medical Center and were
performed in accordance with Dutch Law for animal experimentation

Intraventricular pressure. Blood pressure was measured in the ventricle at
HH stage 21 (Fig. 1) using a servo-null system (model 900A, World Precision
Instruments, Sarasota, FL) and a fluid-filled (2 M NaCl) 5-10 um glass
micropipette attached to a microelectrode. Intraventricular pressure was cal-
culated as the difference between the measured pressure and the pressure
recorded when the tip of the pipette was placed in the extraembryonic fluid
adjacent to the ventricular puncture site. Pressure data were sampled at 50 Hz
and stored on a personal computer. The working principle of this pressure
transducer is described in detail by Heineman and Grayson (17). The dynamic
response of the system was tested over the frequency range of 0.5-20 Hz (as
this frequency range is relevant to chicken embryonic heart rate) by applying
air pressure fluctuations on top of a liquid bath in which the probe with
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Figure 1. Stage 21 chick embryo (3.5 d of incubation).

micropipette was inserted. The actual pressure was measured simultaneously,
using a pressure transducer of known flat response up to 130 Hz (Setra
Systems, Boxborough, MA). The dynamic response of the servo-null system
relative to the actual pressure is shown in Figure 2. We conclude that at the HR
frequency (2-3 Hz) the signal amplitude is amplified (underdamped) by about
1% only and the phase delay is about 5-6 degrees, or 7 ms, or about
one-quarter of the frame time interval. For the fourth harmonic (10 Hz)(at four
times the HR frequency), where still 2-3% of the signal energy is present in the
energy spectrum, the signal amplitude is amplified by about 20% and the phase
delay is 25-30 degrees, or 8 ms, or about one-quarter of the frame time
interval. We therefore conclude that the pressure is measured with sufficient
accuracy.

Furthermore, to avoid aliasing of higher frequencies into the low-frequency
domain, pressure data were filtered with a second-order low-pass Butterworth
filter (Krohn-Hite Corporation, Brockton, MA) set at the sampling frequency.

Intraventricular volume. During the pressure measurements, the ventricle
was visualized using video imaging with a stereo microscope (model SV 6,
Carl Zeiss, Oberkochen, Germany) and a video camera (model SSC-M370CE,
Sony Corporation, Tokyo, Japan). The video images were acquired simulta-
neously with the analog pressure signal at 50 Hz and stored on a personal
computer. Epicardial surface area was calculated from magnified video images
displaying the ventricle using a custom-built analysis program (IMAQ Vision,
National Instruments, Austin, TX). Ventricular volume (V) was derived from
epicardial area (A) using a simplified ellipsoid geometric model: V = 0.65A%?,
as described by Keller et al. (9).

For each clipped and control embryo, two to four consecutive (baseline)
cardiac cycles were analyzed. Furthermore, to evaluate ventricular response to
reduced venous return, a fourth-order vitelline vein was incised to produce
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Figure 2. Dynamic frequency response of the servo-null system. (A) The
amplitude transfer curve of the measured pressure signal over a frequency
range of 0.5-20 Hz relative to the actual pressure. (B) The phase delay curve
of the signal.
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venous hemorrhage, which results in acute preload reduction. The cardiac
cycles following hemorrhage were also recorded and subsequently analyzed to
derive ventricular pressure-volume relations. By the latter procedure informa-
tion can be obtained about ventricular contractility (through the end-systolic
pressure volume relation) and Eg, (through the end-diastolic pressure volume
relation).

Finally, maximum contraction of the heart with 2 M NaCl was induced for
determination of ventricular wall volume by video imaging. The solution (1-3
nL) was applied directly on the ventricle. Cavity volume was calculated as
total volume minus wall volume. We validated this method by a separate study
in a set of four embryos at stage 21 in which wall volume obtained by video
imaging was compared with wall volume obtained by the counting method of
Cavalieri, detailed by Gundersen and Jensen (18). The wall volume of the
ventricles was determined after 2 M NaCl application by video imaging,
directly followed by fixation with 4% paraformaldehyde in 0.1 M phosphate
buffer. The hearts were embedded in paraffin, serially sectioned at 5-pum
thickness, and stained with hematoxylin-eosin for stereologic examination.
The number of points on a grid hitting 15 sections of the ventricle was counted.
The first section was taken randomly and the other sections were taken
systematically. From the counted numbers, the volumes could be calculated by
Cavalieri’s formula: V. = 3P - M2 - a - d, where V is the volume in cubic
millimeters, 2P is the total number of counted points on the 15 sections, M the
magnification, a is the point area in square millimeters, and d is the distance
between the counted sections in millimeters.

The mean ventricular wall volume obtained by video imaging was 0.171 =
0.009 pL and mean myocardial wall volume obtained by Cavalieri’s method
was 0.157 £ 0.010 pL, which means that ventricular wall volume is overes-
timated by 8.9%. Therefore, we concluded that the video imaging procedure
correlates well with stereologically obtained volumes and we chose not to
correct for this overestimation in the calculations.

Calculations. All data were interpolated using a natural spline function
(LabVIEW 6.0, National Instruments, Austin, TX). Data analysis and calcu-
lations were performed using custom-made software (Circlab, Leiden Univer-
sity Medical Center, Leiden, the Netherlands). For each variable the mean
value of two to four consecutive cardiac cycles was calculated. Pressure and
volume data were plotted as pressure-volume loops (Fig. 3). End-systole is
represented by the upper-left corner of the pressure-volume loops and was
defined as the moment in the cardiac cycle with the maximum instantaneous
pressure to volume ratio or time-varying elastance E(t) = P(t)/[V(t) — Vd]
(19). Vd represent volume at zero pressure and was determined using an
iterative approach as described by Kono et al. (20).

The lower-right corner of the pressure-volume loop represents end-diastole
as the onset of ventricular contraction and was defined as the point at which the
first derivative of the pressure wave form rose sharply from baseline. End-
systolic and end-diastolic ventricular pressures and volumes (ESP, EDP, mm
Hg; ESV, EDV, uL) were determined as the instantaneous values P(t) and,
respectively, V(t) at these time-points. Heart rate (HR, bpm) was calculated
from the beat-to-beat cycle length. SV (uL) was calculated as the difference
between EDV and ESV. Cardiac output (CO, nL/min) was calculated as HR
multiplied by SV. EF (%) was determined by SV divided by EDV. SW
(uL/mm Hg) was calculated as the area of the pressure-volume loop. The

*

=
z & g
E
4
§ 25
4
o :6 2
£
B E 45
o
= N
E) 3 21
v : g
£ : =
gm: 05
0 - 0
¢ 03 1 15 £ 0 01 02 03 04 05

Figure 3. Representative stage 21 baseline pressure-volume loops (C) built
up from simultaneously acquired pressure (A) and volume data (B). Solid
circles depict end-diastolic points and open circles depict end-systolic points
(C). Also, end-diastolic points are represented by dotted lines in panels A
and B.

maximum and minimum first derivatives of pressure were determined (dP/
dtyax, dP/dty, mm Hg/s). PER (ul/s) and PER (uL/s) were identified as the
maximum and minimum first derivatives of ventricular volume with respect to
time [dV(t)/dt]. The relaxation time constant Tau (7, ms) was calculated as the
time constant of monoexponential pressure decay during isovolumic relax-
ation. The isovolumic period was defined as the time period between the
moment of dP/dty,y and the time point at which dP(t)/dt reached 10% of
dP/dty; (21). In addition, we calculated PHT (ms) as the time interval
between the moment of dP/dt,, and the moment that pressure has dropped to
50% of the instantaneous pressure at the moment of dP/dty.

In addition to these steady-state indices, we used the baseline pressure-
volume loops combined with loops obtained after venous hemorrhage to
determine systolic and diastolic pressure-volume relationships as load-
independent measures of systolic and diastolic ventricular function. Systolic
function was characterized by Egpg (mm Hg/pnL), which is the linear slope of
the ESPVR (Fig. 4). Also, the position of the ESPVR, defined as the volume-
intercept at 2 mm Hg (ESV,, uL), was determined to quantify the volume-
intercept at a physiologic pressure, rather than at pressure equals zero (22).

Diastolic ventricular function was determined by calculating Eg, (mm
Hg/uL) as the slope of the EDPVR: EDP = a + Egj, - EDV (23).

Statistical analysis. Data are presented as mean *+ SEM. For comparison of
the clipped embryos with control embryos, unpaired ¢ tests were performed
using SPSS 10.1 software (SPSS Inc., Chicago, IL). When Levene’s test
showed inhomogeneity of variance or when the data were not normally
distributed according to the Shapiro-Wilk test, a log (In) transformation was
performed before testing group differences (24). Values of p < 0.05 were
considered statistically significant.

RESULTS

Steady state hemodynamic parameters were determined
from baseline pressure and volume signals and corresponding
pressure-volume loops as depicted in Figure 3. Results are
summarized in Table 1 and do not reveal any significant
difference between clipped and control embryos.

Figure 4 shows representative pressure-volume loops from a
clipped and a control embryo. The gray lines represent loops at
baseline, whereas the black lines are loops obtained after
hemorrhage induced by incision of a fourth-order vitelline
vein. End-systolic and end-diastolic pressure-volume points
are marked and the resulting pressure-volume relations are
indicated. Note that, compared with the control embryo, in the
clipped embryo the ESPVR was less steep, indicating reduced
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Figure 4. Representative pressure-volume loops of a clipped and a control
embryo at stage 21. Both baseline-loops (gray lines) and loops after venous
hemorrhage (black lines) are depicted for a clipped (A) and a control embryo
(B). The end-systolic points (open circles) and end-diastolic points (solid
circles) were determined and were used to assess the ESPVR and EDPVR.
From these relations, the E.¢ and the E, were obtained, which are defined by
the slopes of both relations, respectively.
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Table 1. Hemodynamic parameters derived from baseline
pressure-volume loops at stage 21

Clip (n = 11) Control (n = 10)
HR (bpm) 131 =2 140 = 5
ESP (mm Hg) 2.20 = 0.07 2.14 = 0.13
EDP (mm Hg) 0.84 = 0.05 0.71 = 0.06
dP/dty, 0y (mm Hg/s) 413+ 18 378 =26
dP/dty, (mm Hg/s) —432+27 —40.0 =33
ESV (uL) 0.20 = 0.02 0.20 =+ 0.02
EDV (uL) 0.41 = 0.02 0.41 = 0.02
SV (uL) 0.25 + 0.02 0.24 = 0.01
CO (uL/min) 322+23 326+ 1.3
EF (%) 593 +3.0 57725
SW (uL-mm Hg) 0.44 = 0.03 0.42 = 0.03
PFR (uL/s) 3.17 =036 3.55 = 0.40
PER (uL/s) —433 %039 —4.11 = 0.42
Tau (ms) 3141 = 3.16 39.02 = 6.20
PHT (ms) 22.67 = 1.66 25.43 + 4.54

Values are mean * SEM. None of the parameters were significantly
different between clipped and control embryos. dP/dty, PER, Tau, and PHT
were not normally distributed. Consequently, 7 tests were performed after log
transformation (using absolute values for dP/dty, and PER) as described in
“Methods.”

contractility, whereas the EDPVR was steeper, indicating in-
creased Egy, (reduced compliance). The summarized results are
given in Table 2 and show a significantly reduced contractility
(p = 0.037) in the clipped embryos, indicated by a 52%
reduction in Egg. Egp tended to be increased in the clipped
embryos as indicated by the 64% increase in Egp,, however, the
difference did not reach statistical significance (p = 0.103).

Ventricular wall volume was obtained after application of 2
M NaCl and was not significantly different between the clipped
and control embryos (0.195 = 0.013 uL versus 0.181 = 0.017
nL, NS).

DISCUSSION

The venous clip model is an intervention model for the chick
embryo, in which permanent obstruction of the right lateral
vitelline vein temporarily reduces the mechanical load on the
embryonic myocardium and induces a spectrum of outflow
tract anomalies, e.g. double outlet right ventricle, dextroposi-
tion of the aorta, and ventricular septal defects. The same types
of anomalies can be present in humans. There is an intricate
relationship between hemodynamics and cardiac morphogen-
esis. Pressure-volume loop analysis enables determination of
Eps and Egp, of the developing ventricle. These parameters
represent intrinsic myocardial properties and are relatively

Table 2. End-systolic ventricular elastance (Eg), end-diastolic
ventricular stiffness (E.p), and ESV at P = 2 mm Hg obtained
from pressure-volume relations

Clip (n = 11) Control (n = 10)
Eps (mm He/uL) 5.68 =+ 0.85* 11.76 £ 2.70
Egp (mm He/ul) 274 + 0.56 1.67 =021
ESV, (uL) 0.16 = 0.02 0.18 = 0.01

Values are means = SEM. Egg, Egp, and ESV, demonstrated inhomoge-
neity of variances. Therefore, a log (In) transformation was performed prior to
performing 7 tests.

*p < 0.05.

independent of loading conditions. The use of pressure-volume
loop analysis in early stages of development could contribute
to a better understanding of the relationship between cardiac
function and morphogenesis during normal and abnormal car-
diac development.

The cardiac cycle consists of four distinct phases: the iso-
volumic contraction phase, the ejection phase, the isovolumic
relaxation phase, and the diastolic filling phase. Parameters that
reflect the first two phases are dP/dty;,x (isovolumic contrac-
tion phase), and CO, EF, SW, and Egq (ejection phase). From
these parameters, only the Eg was significantly changed in the
clipped embryos. This may reflect the high sensitivity of this
load-independent parameter of contractility compared with the
other parameters that are also changed by alterations in pre-
and afterload. The reduced Egq indicating reduced contractile
state can be explained by observations of Hogers ef al. (25).
They observed less developed ventricles after venous clipping
and a delay in cardiac looping. They did not observe normal
embryos between stage 19 and 23 after clipping. All embryos
displayed cardiovascular malformations. They found that
stages 22-24 are critical for survival. A mortality rate between
10 and 22% is described. At later stages of development,
approximately 64% of the embryos displayed cardiac malfor-
mations (4). Normally, myocardial contraction force increases
with development (5,26-29). After clipping, ventricular con-
tractility development may lag behind as a consequence of
impaired cardiac development. Mechanical load regulates ven-
tricular growth (30, 31). Venous obstruction temporarily re-
duces mechanical load on the myocardium and thus probably
slows down the ventricular growth and differentiation process
(3). During normal development, the ventricular wall volume
will increase in size. Since a delay in ventricular development
was observed by Hogers et al. (25), we would have expected
wall volume to be smaller in the clipped embryos. However,
after applying 2 M NaCl to achieve maximum ventricular
contraction, ventricular wall volume was similar between the
groups. Potentially, the reduced contractility in the clipped
embryos limits their maximal contracture leading to an over-
estimation in wall volume.

The third phase of the cardiac cycle, the active phase of
relaxation represented by Tau, reflects the energy-consuming
process of relaxation. In the mature heart, ventricular relax-
ation rate is an important determinant of the early diastolic
pressure-volume relation (32). There were no significant dif-
ferences in the active phase of relaxation between the two
groups.

The end-diastolic pressure-volume relationship reflects pas-
sive relaxation properties of the ventricle, which contribute to
the passive relaxation phase during diastolic filling. The rela-
tion was quantified by its slope, the Egp,, which was 64%
higher in the clipped group. Although this was not a significant
difference, this finding suggests reduced compliance after clip-
ping. Myocardial compliance increases with development
(9,28,33). A higher Eg, after venous obstruction may result
from impaired cardiac development after clipping. Changes in
structure of the ventricular wall may affect the stiffness of the
ventricle, especially the addition and organization of myofibrils
may limit cell distensibility (34). Normally, myofibrils become
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more organized with development and assume a more orderly
arrangement, presumably parallel to stress lines (5). After
venous obstruction this could be impaired. Next to the organi-
zation of myofibrils, titin is also important for passive stiffness
(35). Titin contains passive, spring-like properties that help
restore stretched muscle to its resting length (36). Diastolic
pressure results from the tension that develops when passive
myocardium is stretched beyond its slack length. In dogs with
tachycardia-induced dilated cardiomyopathy, it has been dem-
onstrated that titin isoform ratio changes cause an increase in
myocardial stiffness (37). We speculate that titin isoform ex-
pression ratios may have been changed by clipping, causing
increased passive stiffness.

Changes in diastolic function may be a critical regulatory
pathway during cardiac morphogenesis (34). Recently Schro-
der et al. (31) found an increase in microtubule density and
B-tubulin protein after reduced mechanical load in the stage 27
embryonic heart after left atrial ligation at stage 21. They
observed increased myocardial stiffness in response to reduced
mechanical load. They hypothesized that because microtubules
mediate the transport of materials necessary for the production
of new cellular structures, they may also play a role in medi-
ating the adaptive response of the developing myocardium to
altered mechanical load. Because, in the venous clip model,
mechanical load is reduced, it could be possible that changes in
microtubule density and organization caused the tendency of
increased Egp, in the clipped embryos. A decrease in workload
may affect the number of contractile units or their function
within the myocyte. Recently, we observed a reduction in the
diastolic passive-filling component of ventricular filling in
favor of the active component in clipped embryos at stage 24
(38). We speculate that a stiffer ventricular wall causes this
decrease in passive filling, which is compensated by the active
contraction of the atrium. It seems that at stage 21 the ventricle
is just starting to become stiffer.

Study limitations. There are several limitations to the
present study. Like Tobita and Keller (29,39), we assumed that
the embryonic ventricle is a thick-walled ellipsoidal shell with
a fixed ratio of semiminor and semimajor axis diameter during
systole. This could lead to error in the calculation of ventricular
wall volume and cavity volume.

As demonstrated by our study in which the calculation of
ventricular wall volume and assessing cavity volume was
compared with volumes obtained by Cavalieri’s method, there
is a overestimation of ventricular wall volume by 8.9%. In
theory, this means that cavity volumes are underestimated by
about 0.016—0.017 pL. Inasmuch as this represents, even for
the smallest volumes (mean ESV was 0.20 uL), only about
8.7% of cavity volume, we chose not to correct for this factor.
Furthermore, because this would cause a rightward shift of the
entire pressure-volume loops, it has no consequences for the
slopes of the pressure-volume relations.

We considered trabecular spaces to be part of the wall.
These spaces do not close completely after application of 2 M
NaCl, but for the calculation of ventricular volume this is not
very important. These spaces are present during both diastole
and systole. This results in a slight overestimation of total
volumes throughout the cardiac cycle. Therefore, when wall

volume is subtracted from the total volumes, this overestima-
tion is cancelled out. Any remaining trabecular space volume
can be considered dead volume, as this blood does not con-
tribute to CO.

Because we only obtained pressure and volume data before
and after hemorrhage and not during this preload reduction, we
chose linear relationships to describe the ESPVR and EDPVR.
This may have influenced our results, but, because the pres-
sure-volume relations were based on only two conditions
(rather than on data acquired continuously during preload
reduction), there was no justification for applying a nonlinear
fit. Possible nonlinearities might have been detected when the
ESPVR had been determined over a wider pressure range.
However, systolic pressure was similar in both groups, thus
comparison of Erg between groups is unlikely to be impor-
tantly affected by a pressure-dependent nonlinearity.

There were distinct differences in variances of the Egg and
Egp between the clipped and control embryos before log (In)
transformation. Several factors may be involved. The chick
embryos are not genetically identical, this could cause biologic
variability. Also, the clipping experiment could have been
partially successful, which could affect the outcome. There
could have been some influence of the extent of hemorrhage. In
theory, loading conditions do not influence the ESPVR or the
EDPVR. However, in the small chick embryo this might be
different. Also the position of the embryo and/or micropipette
could have been changed during the incision of a fourth order
vitelline vein. This could have caused some variation as well.
Furthermore, temperature differences could have influenced the
measurements as time to insert the micropipette into the ven-
tricle varied between experiments. However, whereas these
effects may increase within-group variability, they would not
be expected to systematically affect the differences between the
groups.

Because of the necessity to end the experiments with the use
of 2 M NaC(l, it was impossible to obtain good histologic
examinations of the measured embryonic hearts. Therefore, we
compared our results with scanning electron microscope and
histologic findings of Hogers efr al. (25), who developed the
venous clip model. Any existing discrepancies in morphologic
findings between our data and those of Hogers ef al. (25) could,
therefore, not be detected.

In summary, development of ventricular function in the
embryonic heart is affected by mechanical load. Pressure-
volume loop analysis shows that, 1 d after venous obstruction,
the clipped embryo has a reduced contractility compared with
stage-matched control embryo’s. The morphologic correlates
of these findings require further study. Pressure-volume anal-
ysis may be applied in the chick embryo and is a sensitive
technique for detecting subtle alterations in ventricular
function.
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