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Dear Editor,

Is it possible that rapid volume infusion during resuscita-
tion efforts may directly cause right heart failure? Many cli-
nicians believe so. The Belmont® Rapid Infuser (Belmont 

Instrument Corporation, Billerica, MA) can infuse fluids at a 
rate of up to 750 mL min-1 and is often run continuously for 
extended periods of time. This rapid increase in volume and, 
therefore, venous return, could potentially cause acute right 
heart failure if the heart is unable to accommodate this addi-
tional volume in trauma resuscitation efforts.

Ventricular preload, or filling, affects the stretch of the myo-
cardial sarcomeres. The sarcomeres behave according to the 
Frank–Starling mechanism (1). In the cardiac muscle, the 
length–tension curve is steeper than in the skeletal muscle, and 
it is shifted towards the right, denoting the need for increased 
cardiac sarcomere length in comparison to skeletal muscle to 
achieve the same tension (Figure 1) (1).

The right ventricle (RV) is considered to be more sensitive 
to changes in pressure than it is to changes in volume (2). 
The question arises whether it is possible to infuse fluids to 
a continuously euvolemic patient (i.e. volume administered 
equals the volume lost from haemorrhage) so rapidly that 
the right heart fails. Because the right heart is better able to 
accommodate acutely increased preload, we hypothesise that 
additional volume from rapid fluid infusion will cause heart 
enlargement, but not to a degree that would cause right heart 
failure. 

To mathematically test this hypothesis, the RV was mod-
elled as an ellipsoid to determine 1) how much fluid infusion 
stretches the sarcomeres and 2) whether this stretch theoreti-
cally causes the sarcomeres to exceed their peak tension on the 
Frank–Starling curve. Figure 2 shows an ellipsoid shell sub-
traction model developed by Feneley et al. (3), to better ap-
proximate the shape of the RV. The ellipsoid model mimics the 
crescent-shaped anatomy of the heart. The right ventricular di-
mensions provided by data from “Guidelines for the Echocar-

diographic Assessment of the Right Heart in Adults,” (4) were 
used for further calculations. In this paper, the RV septal-to-
free wall diameter average is 2.8 cm, and the RV average height 
is 7.1 cm. According Feigenbaum’s Echocardiography, the left 
ventricular diastolic diameter average is 5.05 cm (5). Assuming 
that the RV is two-thirds the height of the left ventricle (LV), 
this gives an average LV height of 11.25 cm. The calculations 
for the ellipsoid subtraction model are shown in Appendix 1. 

The equation for the right ventricular volume developed by 
Feneley et al. is RVV=  (abd)−FWV, with ‘a’ being the RV 
height, ‘b’ being the LV diastolic diameter, ‘d’ being the RV 
septal-to-free wall diameter, and FWV being the free wall vol-
ume (3). The free wall volume is assumed to be constant for 
subsequent calculations. Therefore, the free wall volume can 
be removed from the equation when calculating the change in 
the volume. To adjust the dimensions to see how they would 
change with varying end diastolic volumes (EDVs), the di-
mensions were converted into proportions based on one diam-
eter, ‘d’. Once this was calculated, the equation was arranged 
in terms of the volume, V= , and the new RV septal-to-free 
wall diameter (‘d’) was determined.

Figure 2. Diagram of the ellipsoid shell subtraction model 
showing the different dimensions used in the calculations for 
percent stretch. Modified from Feneley et al. (3)

Figure 1. Schematic of the muscle unit length-tension relations-
hip for the cardiac muscle (red) and skeletal muscle. Modified 
from Shiels et al. (1)
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For the calculations of the percent stretch after infusion, it 
was only necessary to look at one dimension (RV septal-to-
free wall diameter) because the model was built to propor-
tionately increase in all directions as volume increases. Since 
the radius is directly proportional to the circumference, the 
radius can replace the circumference in calculating the per-
cent stretch. Because the difference between the RV radius 
and the RV septal-to-free wall diameter is a constant ratio, 
the RV septal-to-free wall diameter can be used to compare 
its initial length to determine the percent stretch. The infu-
sion rate needed to bring the EDV to the peak EDV of the 
Frank-Starling curve was also calculated, as mentioned above.

The following parameters were varied in the model: infusion 
rate, heart rate (HR) and cardiac output (CO). Infusion rates 
of 500, 750, 1000 and 1500 mL min-1 were chosen because, 
clinically, the Belmont® Rapid Infuser can infuse fluids at a 
rate of up to 750 mL min-1. HRs of 60, 90 and 120 beats min-1  
were used in this model to illustrate a range of physiologic 

states. Patients often arrive to the operating room tachycardic 
from haemorrhage or anxiety. Conversely, some are bradycar-
dic from prior beta-blockade medication. The pre-infusion 
CO values used were 2, 4, 6 and 8 L min-1 because this range 
encompasses multiple physiologic resuscitation scenarios. 
Combinations of different infusion rates, HRs and COs were 
used to observe how changing each of these variables would 
affect the amount of stretch in the RV model.

Resting cardiac sarcomere length is approximately 1.6 μm 
(1). The peak tensile strength of cardiac sarcomeres is reached 
when the sarcomere is stretched to around 2.25 μm (1). Di-
viding Lmax (2.25 μm) by the resting sarcomere length (1.6 
μm) yields a 40% stretch between resting and optimal length, 
which was used as the limit at which the RV would be over-
loaded. The stretch of the ellipsoid model of the RV was de-
termined based on different combinations of varying HR, 
CO and, by extension, EDV, as well as the superimposed 
infusion rate.

As seen in Table 1, at a constant HR, the EDV increases 
with increasing CO. At a constant CO, the EDV decreases 
with increasing HR. Varying all these parameters, the per-
cent stretch from baseline EDV never exceeded 13.2%. This 
amount of stretch (13.2%) was reached at a CO of 2000 mL 
min-1 and an infusion rate of 1500 mL min-1, irrespective 
of HR (see Appendix 2). The minimum incremental stretch 
was 1.2% at a CO of 8000 mL min-1 and an infusion rate 
of 500 mL min-1. The percent stretch after infusion of 500 
mL min-1 and 1000 mL min-1 is shown in Tables 1 and 2, 
respectively. For percent stretch at other infusion rates, see 
Appendix 2. 

The EDV and infusion rates that will result in a 40% stretch 
of the RV are plotted in Figure 3 (EDV) and Figure 4 (infu-
sion rates) for the three HRs and COs. The line of best fit was 
included for each of the COs. For each line of best fit, the 
correlation coefficient (r2) was 1, which shows the strength of 
the relationship between the variables. For example, as shown 
in Figure 3, at an HR of 90 beats min-1 and a CO of 4 L 
min-1, the EDV would need to be approximately 200 mL 
for the RV to be stretched 40% from baseline, which had an 
initial EDV of 74 mL. To achieve this, an infusion rate of 
approximately 7.7 L min-1 would be needed (Figure 4). Each 
combination of different parameters (HR, infusion rate, CO) 
results in a different baseline EDV and therefore a different 
EDV for a 40% stretch. The EDV with a 40% stretch ranged 
from 76.2 to 609.8 mL. 

In this ellipsoid subtraction model of the RV, all of the clin-
ical variables used for COs, HRs and infusion rates, failed 
to surpass the 40% stretch of sarcomeres. Furthermore, the 
maximum stretch calculated was found to be 13.2% that oc-
curred with an infusion rate of 1500 mL min-1 and a CO of 2 
L min-1. Additionally, the range of infusion rates that would 
cause a 40% stretch in the ellipsoid model using the various 
COs was calculated and found to be 2.9 to 23.2 L min-1. 

Figure 4. Ellipsoid model infusion rate needed to increase the 
end diastolic volume to the peak of the Frank-Starling curve for 
the sarcomeres (40% stretch) at different heart rates and cardiac 
outputs

Figure 3. Ellipsoid model end diastolic volume at the peak of 
the Frank-Starling curve for the sarcomeres (40% stretch) at 
different heart rates and cardiac outputs



Furthermore, the lower limit infusion rate of 2.9 L min-1 is 
well above the infusion rate that the Haemonetics® Rapid In-
fusion System provides. These mathematical models of the 
RV suggest that massive amounts of fluid in isolation would 
be required to overcome the RV’s ability to tolerate the excess 
preload in a euvolemic patient. This amount of fluid is greater 
than what can be infused by typical rapid infusion systems 
like the Belmont® Rapid Infuser and the Haemonetics® Rap-
id Infusion System. 

Although these models suggest that the amount of fluid in-
fused is not enough to cause RV failure if euvolemia is main-
tained, our assumptions and limitations do not allow us to 
conclude that rapid fluid infusions are safe in all clinical 
settings. We assumed baseline euvolemia for calculating the 
resting sarcomere length and that the volume infused did not 
accumulate in the RV. We also assumed that there was no 
change in the capacitance of the vessels throughout the body 
and that the pleural pressure remained constant. As the RV 
stretched with fluid infusion, we assumed that the sarcomeres 
stretched equally and that there was a uniform orientation 
of the myofilaments. The assumption that the mycotes are 
all oriented horizontally across the direction of tension will 
maximise the amount of stretch seen by the myocytes along 
the x-axis. For a myocyte oriented at different angles as op-
posed to those lying parallel, the myocyte may shrink slightly 
less to achieve the same amount of circumferential stretch 
along the x-axis. Although the limits for the length–tension 
curve for the sarcomeres are approximately 1.6 and 2.25 μm, 
these lengths may not be uniformly distributed because the 
lengths can slightly vary (6). There was also an assumption 
that there was no change in myocardial wall thickness or con-
tractility and that the stretch and not strain was the cause of 
failure. Stress rather than strain determines muscular over-
load, and that determinant is largely affected by intracavitary 
pressures, ventricular wall thickness, and geometry of the 
wall (Laplace’s law). 

There are several limitations to these models. First, the RV 
is considered to be more sensitive to changes in pressure 
than it is to changes in volume (2). Thus, a similar mod-
el using these haemodynamic parameters should be made 
considering what effect this would have on the RV pressure. 
Consequently, the ventricular interdependence seen physi-
ologically, where the LV’s function would be influenced by 
an increase in the RV volume, is not demonstrated in these 
models. In states of the RV pressure overload, which can 
be seen during an RV volume overload, the LV filling is 
subsequently impaired. The dominant mechanism of this 
impairment is through series interaction, where the left atri-
um and LV filling are decreased because of a decreased RV 
output ensuing from an increased RV afterload (7). Direct 
interaction also takes place where the RV enlargement com-
presses the LV and impairs its filling (8). The impact of this 
fluid overload on the RV is mostly through its effects on the 
LV filling than the RV function itself. A severely compressed 
LV can result in pulmonary oedema, pulmonary hyperten-
sion and hypoxaemia. The increased RV afterload causes 
increased RA pressure.

These models also do not account for the compensatory 
mechanisms of the body with an increased preload. The RV, 
absent a negative inotropic influence, is able to accommodate 
large increases in preload without affecting functionality until 
it is distended past a certain point. This point is unknown. 
It is likely that the failure of the RV during distension is not 
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Table 1. Percent Stretch from Baseline with an Infusion 
Rate of 500 mL min-1 at Varying Heart Rates and 
Cardiac Outputs

HR CO EDV EDV during 
(bpm) (mL min-1) (mL) Infusion (mL) % Stretch

60 2000 55.6 63.9 4.8

60 4000 111.1 119.4 2.4

60 6000 166.7 175.0 1.6

60 8000 222.2 230.5 1.2

90 2000 37.0 42.6 4.8

90 4000 74.1 79.7 2.4

90 6000 111.1 116.7 1.6

90 8000 148.1 153.7 1.2

120 2000 27.8 31.9 4.8

120 4000 55.6 59.8 2.4

120 6000 83.3 87.5 1.6

120 8000 111.1 115.3 1.2

HR: heart rate; CO: cardiac output; EDV: end diastolic volume

Table 2. Percent Stretch from Baseline with an Infusion 
Rate of 1000 mL min-1 at Varying Heart Rates and 
Cardiac Outputs

HR CO EDV EDV During 
(bpm) (mL min-1) (mL) Infusion (mL) % Stretchh

60 2000 55.6 72.2 9.1

60 4000 111.1 127.8 4.8

60 6000 166.7 183.3 3.2

60 8000 222.2 238.9 2.4

90 2000 37.0 48.1 9.1

90 4000 74.1 85.2 4.8

90 6000 111.1 122.2 3.2

90 8000 148.1 159.2 2.4

120 2000 27.8 36.1 9.1

120 4000 55.6 63.9 4.8

120 6000 83.3 91.7 3.2

120 8000 111.1 119.4 2.4

HR: heart rate; CO: cardiac output; EDV: end diastolic volume
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only accounted for by percent stretch, but also by wall ten-
sion, which is also determined by the wall thickness and HR 
(Treppe phenomenon). Our models use several combinations 
of HRs and COs to determine how these affect the EDV and 
stretch of the RV. Subsequently, these models do not account 
for the dynamic and compensatory nature of the body to the 
increased volume, ongoing losses and adaptive changes in 
peripheral resistance, which would affect pulmonary artery 
pressure and venous return. 

The results of our models suggest that the volume effect of 
the fluid infusion by itself is unlikely the cause of heart failure 
occasionally seen on an echocardiogram initially during mas-
sive resuscitations. There are several other possibilities that 
could account for the decreased right heart function in these 
situations, one such cause being myocardial infarction from 
the physiologic stress of the resuscitation or from a myocar-
dial oxygen supply/demand imbalance. Cardiac arrests can 
also precipitate from hyperkalaemic arrhythmias that may 
develop after massive amounts of banked blood products are 
transfused, which can be further exacerbated by the hypo-
calcaemic, hyperglycaemic, hypothermic and acidotic states 
that banked products may also create (9). A pulmonary em-
bolism or some other cause of pulmonary hypertension may 
also cause heart failure in trauma patients undergoing fluid 
resuscitation due to a sudden increase in right-sided heart 
pressures. This can also cause ischaemia of the RV resulting 
from increased wall tension and oxygen demand, as well as 
decreased coronary perfusion from an under-filled LV (10). 
In addition to affecting coagulation, hypothermia also exerts 
a negative effect on heart contractility (11). At higher HRs, 
the maximum contraction may not be reached, further de-
creasing CO (11).

Calcium levels also affect cardiac contractility from calcium’s 
role in excitation–contraction coupling. Heart failure result-
ing from hypocalcaemia has been described in patients with 
undiagnosed hypoparathyroidism presenting to the Emer-
gency Department, even in the absence of underlying heart 
disease (12). For example, one patient with hypoparathyroid-
ism was found to have a hypocalcaemic-induced cardiomy-
opathy resulting from an ionised calcium level of 0.75 mmol 
L-1 (nl 1.16–1.32 mmol L-1) (12). In trauma resuscitation, 
it is possible that acute hypocalcaemia from citrated blood 
products could result in heart failure. In one study, at 5 min-
utes at the maximum infusion rate (150 mL min-1 in a 70 
kg person) of citrated whole blood, the ionised calcium level 
decreased by 41% to approximately 0.65 mmol L-1 (13). 

Another factor affecting ventricular filling and CO is the 
pericardium. The pericardium’s stiffness exerts a greater effect 
on the filling pressures during fluid infusion on the right side 
of the heart than on the left (14). The effect of the pericar-
dium would act to limit the amount of fluid delivered to the 
heart during large-volume infusion, which would result in 
decreased CO or a failure of CO increase when expected. The 

effects of the pericardium can be seen in the study by Hoit et 
al. that looked at the effects of a pericardiectomy on the right 
and left ventricular filling and showed that the filling of the 
ventricles is restricted by the pericardium (15).

This mathematical modelling leads us to conclude that the 
additional volume from massive resuscitation in a consistent-
ly euvoluemic patient will not precipitate heart failure. Other 
factors must be considered as plausible aetiologies for a pa-
tient’s decompensated heart in this clinical setting.
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Appendix 2. Ellipsoid-Percent Stretch after Infusion

Heart Rate  Cardiac Output End Diastolic  Infusion Rate Additional Volume  EDV during  
(BPM)  (mL min-1) Volume (EDV) (mL)  (mL min-1) per Beat (mL) Infusion (mL) % Stretch

60 2000 55.6 500 8.3 63.9 4.8
   750 12.5 68.1 7.0
   1000 16.7 72.3 9.1
   1500 25.0 80.6 13.2
60 4000 111.1 500 8.3 119.4 2.4
   750 12.5 123.6 3.6
   1000 16.7 127.8 4.8
   1500 25.0 136.1 7.0
60 6000 166.7 500 8.3 175.0 1.6
   750 12.5 179.2 2.4
   1000 16.7 183.4 3.2
   1500 25.0 191.7 4.8
60 8000 222.2 500 8.3 230.5 1.2
   750 12.5 234.7 1.8
   1000 16.7 238.9 2.4
   1500 25.0 247.2 3.6
90 2000 37.0 500 5.6 42.6 4.8
   750 8.3 45.3 7.0
   1000 11.1 48.1 9.1
   1500 16.7 53.7 13.2
90 4000 74.1 500 5.6 79.7 2.4
   750 8.3 82.4 3.6
   1000 11.1 85.2 4.8
   1500 16.7 90.8 7.0
90 6000 111.1 500 5.6 116.7 1.6
   750 8.3 119.4 2.4
   1000 11.1 122.2 3.2
   1500 16.7 127.8 4.8
90 8000 148.1 500 5.6 153.7 1.2
   750 8.3 156.4 1.8
   1000 11.1 159.2 2.4
   1500 16.7 164.8 3.6
120 2000 27.8 500 4.2 32.0 4.8
   750 6.3 34.1 7.0
   1000 8.3 36.1 9.1
   1500 12.5 40.3 13.2
120 4000 55.6 500 4.2 59.8 2.4
   750 6.3 61.9 3.6
   1000 8.3 63.9 4.8
   1500 12.5 68.1 7.0
120 6000 83.3 500 4.2 87.5 1.6
   750 6.3 89.6 2.4
   1000 8.3 91.6 3.2
   1500 12.5 95.8 4.8
120 8000 111.1 500 4.2 115.3 1.2
   750 6.3 117.4 1.8
   1000 8.3 119.4 2.4
   1500 12.5 123.6 3.6


