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ABSTRACT 
 
 

The accuracy comparison of cardiac output measurements between the thermodilution and 
the dye dilution method with application to atherosclerosis was evaluated in an in vitro model. For 
cardiac output determination of thermodilution, a Swan-Ganz Catheter with a thermistor was used.  
Evans Blue dye and Milton Roy Spectronic 20D spectrophotometer were used for dye dilution.  
Chilled dye was used as an injectate, which allowed its use for both thermodilution and dye dilution 
simultaneously.  LabVIEW recorded the changes in temperature and concentration.  Actual flow 
rates were obtained by collecting the flow and timing it with a stopwatch at the output.  Flow rates 
ranged from 0.89 ml/s to 1.442 ml/s.  Totals of 7 sets of 7 measurements at known flow rates were 
made.  At high flow rate (1.314 to 1.442 ml/s), accuracy of 26.04 % error for thermodilution and 
94.59 % error for dye dilution were achieved.  For medium flow rates (1.270 to 1.412 ml/s) accuracy 
of 26.89% error for thermodilution and 94.64% error for dye dilution.  For slow flow rate (0.89 to 
1.270ml/s), 117.91% error and 89.59 % error respectively.  In addition, two different data analysis 
were used and compared for thermodilution.  Triangular area and the logarithmic area were 
calculated as areas under the temperature vs. time curve. Overall, the experiments were reproducible.  
Thermodilution was found to be more accurate over fast and medium flow rates, but dye dilution 
showed the most accurate results for slow flow rate. 
 
 



Group T6   May 4, 1998 
Kiok, Lau, Musikabhumma, Oh, and Phong 

BE-310: Final Project Report 
3 
 

INTRODUCTION  
 
 In today’s society, cardiovascular disease has emerged as one of the major causes of death.  
In 1991, heart and blood vessel diseases killed more than 923,000 Americans. Approximately two 
out of every five Americans die of cardiovascular disease. Now it is recorded that more than one in 
five Americans suffer from some form of cardiovascular disease, with more than 2,500 Americans 
dying from it each day. Of those with heart disease, 52.2 percent are male and 47.8 percent are 
female; 88.2 percent are white, 9.5 percent are black, and 2.4 percent are of other races. Of these 
diseases, atherosclerosis is a major concern among Americans. Atherosclerosis is a disease of the 
arteries characterized by cholesterol, fat and fat-absorbing cells that accumulate as plaque under the 
inner lining of large and medium-sized arteries.  This accumulation causes swelling in the hollow or 
lumen of the arteries and takes place over years, developing slowly and insidiously.  Several risk 
factors accompany the disease.  Patients who suffer from high blood pressure, high cholesterol, 
obesity, diabetes or stress have a high probability of developing atherosclerosis.  Smokers as well as 
those who maintain inactive lifestyles will also be likely candidates to suffer from coronary heart 
disease.  Although several people may suffer from atherosclerosis, in most people it can be 
prevented.  

In order to diagnose and treat patients with atherosclerosis, careful attention must be placed 
on all of these risk factors.  Few methods have been developed in which quantitative analysis can be 
made to determine candidates of atherosclerosis.  Most procedures are non-invasive, and therefore 
contribute large sources of error.  Two procedures, which are commonly used for cardiovascular 
purposes, are thermodilution and dye dilution.  These two procedures measure the amount of blood 
flow in a normal vein or artery.  In order to apply these methods to patients suffering from 
atherosclerosis, it is important to observe their efficiency during high and low cardiac flow. This 
experiment focuses on the measurement of cardiac output in diseased or blocked vessels. 

The circulatory system is made up of the heart, arteries, veins, capillaries, and the circulating 
blood.  The largest artery leaving the heart is the aorta, at an average size of 2.42cm, which then 
subdivides into smaller arteries going to every part of the body. As the arteries narrow down, they are 
connected to smaller vessels called capillaries.  Atherosclerosis effects the large and medium sized 
arteries.  Atherosclerosis, or more generally arteriosclerosis, is known as coronary heart disease 
because the blood vessels that supply the heart itself are called coronary arteries. It is the blockage or 
reduction of the heart's blood supply that causes angina and heart attack. 

Arteriosclerosis, also known as the hardening of the arteries, can take on a number of forms, 
of which atherosclerosis is the most common.  Atherosclerosis, the hardening of the innermost 
portion of the artery, is thought to be an aging process, which occurs with the constant passage of 
blood through the arteries.  With atherosclerosis, fatty material containing cholesterol or calcium is 
deposited on the innermost layer of the artery and the result is a narrowing of the inside diameter of 
the blood.  The narrowing of the inner diameter will change the flow properties of the artery and can 
progress to the point where the artery becomes so narrow that a blood clot, or thrombus, forms and 
blocks blood flow to an entire portion of the body. The damage from atherosclerosis will effect any 
tissue supplied by the blocked artery is in danger. 
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Two things that can happen where plaque occurs are: 1) bleeding (hemorrhage) into the 

plaque or 2) formation of a blood clot (thrombus) on the plaque's surface. If either of these occurs 
and blocks the entire artery, a heart attack or stroke may result.  Other forms of atherosclerosis can 
cause embolisms or aneurysms.  An embolism results from a rough area or ulcer which forms in the 
diseased interior of the artery. Blood clots tend to develop on this ulcer, break off, and travel further 
downstream, forming a blockage where the arteries get narrower.  Atherosclerosis due to a 
weakening of the artery wall can also cause bulges of the vessel wall.  The localized bulge is called 
an aneurysm and can cause several problems.  It frequently ruptures, causing a leakage of blood, or 
it can also lead to thrombosis or embolism.  The symptoms produced by atherosclerosis, thrombosis, 
embolism or an aneurysm depend on the particular artery affected.  For example, a coronary artery 
that fails to send enough blood to the heart muscle causes chest pain (angina pectoris).  As the 
blockage increases, it can eventually lead to a heart attack (myocardial infarction).  

The exact cause of atherosclerosis is unknown, but several theories have been proposed. 
Coronary artery disease occurs when structural changes occur in the coronary arteries, which supply 
the heart with blood.   Many scientists hypothesized that atherosclerosis begins because the innermost 
layer of the endothelium becomes damaged over time. As a result, fats, cholesterol, fibrin, platelets, 
cellular debris and calcium are deposited in the artery wall. Gradually these substances build up and 
eventually narrow and block the artery, similar to scale forming on the insides of pipes. 
Atherosclerotic changes and thrombus formation may result in reductions or total loss of blood flow 
through these arteries.  Inadequate blood flow will result in angina as myocardial tissue is starved of 
oxygen and metabolites build up.  Loss of blood flow for a prolonged period will also result in a 
myocardial infarction in which a portion of the heart muscle dies.  

This experiment is capable of measuring both thermodilution and dye dilution with a single 
injection of injectate.  The apparatus is designed to represent the cardiac system within a human 
subject.  Using a model scaled down 1:71, the flow rate can be seen to represent the normal flow of 
the body at 5 L/min.  By reducing the normal flow rate, this model will be able to simulate the effects 
of atherosclerosis.  From this experiment, it is hypothesized that dye dilution will result in more 
accurate values to measure cardiac output.  
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METHOD AND MATERIALS 
 
Scale  1:71 (Model:Human Circulatory system) 
 
 
 

 
 

Figure 1: Thermodilution/dye dilution experiment apparatus 
 
• Swan-Ganz catheter and thermistor 
• Water tank and thermometer 
• Syringe and beaker with ice 
• Evans Blue dye 
• Graduated cylinder and stopwatch 
• LabVIEW 
• Milton Roy Spectronic 20D spectrophotometer 
• 8.3mm and 0.082mm diameter tubing 
 
Apparatus was set up as shown in the figure above.  The water tank was filled up to the top to 
producing maximum flow rate.  To achieve a large temperature change for thermodilution, warm 
water (35°C to 40°C) was used to fill the tank compared to the cold injectate (0°C to 5°C).  
Temperature was maintained constant for each set of trials.  Voltage vs. time was read on LabVIEW 
and calibrated to temperature and concentration. Change in concentration of dye vs. absorbance 
reading from the spectrometer was also calibrated.  Chilled dye was used as an injectate, which 
allowed it to be used for both thermodilution and dye dilution simultaneously.  Two different volumes 
(5 and 8 cc) of injectate were used.  Changes in flow rates were obtained by varying the opening of 
the needle valve.  Three different flow rates were produced.  Smaller diameter tubing was used into 
the spectrophotometer. Tubing inside the spectrophotometer was coiled to obtain maximum 
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absorbance reading from the spectrophotometer.  Figure 2 shows how the tubing was coiled within a 
glass tube in the spectrophotometer sample compartment. 

 

Figure 2: Coiled tubing as seen in spectrophotometer 
Actual flow rates were obtained by collecting the flow and timing with a stopwatch at the output.   
 

RESULTS 
 
 Cardiac output measurements from thermodilution were tested as a function of flow rate.  
Varying the height of the water in the reservoir as well as changing the opening of the needle valve 
controlled flow rates.  Three different flow rates were used in the experiment: one was designated 
“high,” another designated “medium,” and the last designated “slow.”  A representative trial is shown 
in Figure 3 below: 

Temperature vs. Time

20.000

22.000

24.000

26.000

28.000

30.000

32.000

0.
00

1.
26

2.
52

3.
78

5.
04

6.
30

7.
56

8.
82

10
.0

8

11
.3

4

12
.6

0

13
.8

6

15
.1

2

16
.3

8

17
.6

4

18
.9

0

20
.1

6

21
.4

2

22
.6

8

23
.9

4

25
.2

0

26
.4

6

27
.7

2

28
.9

8

Time (sec.)

Temperature (C)

 
Figure 3: Representative thermodilution curve. 

Data Analysis 
 

Cardiac output (Q) was calculated using equation 1.  An explanation of the calculation of 

∫
∞

∆
0

)( dttTB is found below. 
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Where Q = cardiac output (L/min), VI = volume of injectate (ml), TB = temperature of blood (°C), 
SI = specific gravity of injectate, CI = specific heat of injectate (J/(g-°C)), CT = correction factor = 
(TB-TID)/(TB-TI), SB = specific gravity of blood, CB = specific heat of blood (J/(g-°C)), 

and ∫
∞

∆
0

)( dttTB = integral of blood temperature change (°C/sec). 

The integral ( )dttTBA ∫
∞

∆=
0

 was calculated using two different procedures.  The first 

procedure involves a triangular approximation.  The second procedure involves a logarithmic 
approximation of the integral with an added compensatory area.  Figure 4 below shows each of the 
areas.  Note: the diagram is not drawn to scale. 

 

 
Figure 4: Data Analysis Area Representations 

 
The triangular approximation uses the slope of the temperature-time graph during 

temperature increase.  The slope of the line is obtained from the regression statistics in the form y = 
mt + b.  By integrating the linear equation, the triangular approximated area can be expressed as 

btmtAtriangle += 2
2
1 .  The limits of integration (on the time axis) were determined by the baseline 

intercept of the regressed line.  Since it is a triangle, the area above the line is equal to the area 
below. 

The logarithmic approximation is more difficult.  The logarithmic area is represented by the 
shaded area in Figure 4 above.  A regression was performed on the data set ln(time) vs. temperature.  
Thus, the regression statistics gave a line in the form of y=m[ln(t)]+b.  Integration of this line gives 
Aln = mt[ln(t)]+(b-m)t.  However, this is the area under the ln curve, not the between the baseline and 
the ln curve.  In order to calculate the area between the curves, Aln must be subtracted from the 
rectangular area given by t(∆T), where ∆ designates the difference between the minimum temperature 
of the graph and the baseline temperature.  Therefore, the area may be calculated from the equation: 

( ) ( )[ ]mbtmTtA ionapproximat −+−∆=− lnln .  Here, the limits of integration were set at 0 and 10 

seconds.  A time of 10 seconds was chosen because it was the longest time interval to give mutilple-R 
values on the order of 0.99 and above.   

Clinically, thermodilution trials are run for one minute (60 seconds).  However, the limits of 
integration could not be set to 0 and 60 seconds because there is no guarantee that the function does 
not cross the baseline in that time interval.  Should the 60 second limit of integration be set, and the 
function does cross the baseline, then the equation ( ) ( )[ ]mbtmTtA ionapproximat −+−∆=− lnln  no 
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longer holds true, and more information must be known about the temperature-time change (e.g. time 
at which the function crosses the baseline).  The area under the curve is no longer necessarily under 
the baseline, and further approximations must be made. 

In order to compensate for the area after the initial 10 seconds of temperature rise, another 
triangular area was calculated.  This compensatory area was calculated using the equation 

( )[ ]sec50sec102
1 ⋅−= baselinerycompensato TTA .  Therefore, the total area used to approximate the the 

integral ( ) rycompensatoionapproximat AAdttTBA +=∆= −

∞

∫ ln0
. 

 
Flow Rate Triangular method 

Average 
Triangular Method 

 Std. Dev. 
Ln + A Average Ln + A Std. Dev. 

Fast 26.04 27.92 -82.65 1.56 
Medium 28.99 10.88 -77.63 5.33 

Slow 117.17 64.01 -75.69 1.91 
Table 1: Thermodilution Summary Data Table of Percent Errors 

 
 Table 1 above shows a number of different trends dealing with the accuracy of cardiac 
output calculations.  First, the triangular approximation of the temperature change integral is 
particularly inaccurate and gives greater variance for slow flow rates.  Second, triangular 
approximations universally show overestimations of flow rate.  Third, the ln + compensatory area 
(ln+A) method universally shows an underestimation of flow rates.  Fourth, the ln+A method seems 
to have greater accuracy at slower flow rates.  Finally, approximation by the ln+A method yeilds 
smaller variance.  Plots of % Error vs. Flow rate can be found in figure 5 below.  

% Error vs. Flow Rate
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Figure 5: Percent Error vs. Flow Rate Plots 

 
Extrapolation of the Triangular % Error line finds that the optimal flow rate (0% error) for 

triangular approximation of the temperature change integral occurs at a flow rate of 1.38 ml/sec.  
Similarly, extrapolation of the ln+A % Error line determines an optimal flow rate is –3.97 ml/sec. 

The data for the dye dilution trials were taken simultaneously with the thermodilution trials. 
As with the thermodilution trials, the dye dilution trials were also performed under three flow 
conditions: fast, medium and slow. The dye rate was calculated using the triangular approximation 
described in the thermodilution analysis.  Flow rates were calculated using the equation shown below. 
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ρ⋅
⋅

=
∫ dtc

E
Q  

 
Equation 2 

 

Where E = amount of dye injected, ∫ ⋅ dtc = area under the dye curve, and ρ = density of dye. 

 The figure from which the area was calculated from is represented as Figure 6 and is similar 
to all the dye dilution curves that were gathered during the data collection trials. 
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Figure6: Representative figure for dye dilution trials, graph taken from trial t49 

 
According to the hypothesis, fast flow rates for both thermodilution and dye dilution should 

yield better results.  The average percent errors are shown below.  Table 2 is a summary of the 
average percent errors from the dye dilution trials.  The table is organized according to flow rate, 
which also corresponds to average percent error.  

 
Flow characteristics Average Percent Error Standard Deviation 

Fast -95.54 % 0.702 
Medium -94.39 % 0.531 
Slow -89.59 % 5.846 

Table 2: Summary table of average percent errors for different flow rates for dye dilution 
 

 From Table 2 shown above, it appears that the slow flow rate has the greatest accuracy or 
lowest percent error of all three of the different flow rates. Figure 7 shown below is a graphical 
representation of table 2, using average flow rate values for fast, medium and slow flow.  
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Percent Error vs Flow Rate
For Dye Dilution
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Figure 7: Shows the relationship between percent error and flow rate for dye dilution. 

 
Figure 7, shows graphically, the trend in the percent error for dye dilution. The trend seems to be a 
decreasing percent error as flow rate decreases, and an increasing percent error as flow rate 
increases. This trend will be discussed further in the discussion section.  
 A comparison between dye dilution and thermodilution using the triangular approximation is 
now possible. From the experimental data, it appears that thermodilution gives more accurate results 
for higher flow rates. Figure 8 shown below is a graph showing the relative accuracy of dye dilution 
and thermodilution over all three of the flow ranges.  
 

Comparison of the % Error vs Flow Rate for 
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Figure 8: Comparison of accuracy between thermodilution and dye dilution over all three different flow rates 

 

 As Figure 8 shows, thermodilution gives the most accurate results over fast and medium 
flow rates. However, thermodilution error increases as the flow rate decreases. Thermodilution was 
found to over estimate the cardiac output over all three different flow rates. Dye dilution showed 
contrary results in that it under estimated the cardiac output over all three different flow rates.  
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DISCUSSION  
 
 

It was originally hypothesized that thermodilution would be most accurate at high flow rates 
while dye dilution will be more accurate at lower flow rates.  A second hypothesis stated that the 
temperature change integral was best approximated by the logarithmic + compensatory area method.  
Results found support for the first hypothesis but not the second. 

The underlying principle behind the thermodilution method for cardiac output measurement 
is the conservation of energy.  In contrast, dye-dilution incorporates the conservation of mass to 
calculate cardiac output.  A cold injectate is injected into the blood stream, and the temperature rise 
of the combined blood + injectate flow is observed at some point further downstream.  At high flow 
rates, temperature increases back to the baseline (equilibrium) temperature rapidly, providing a sharp 
spike and a clearly defined triangle.  On the other hand, at low flow rates, the temperature increase is 
less pronounced, and the curve is much broader.  Thus, it should be no surprise that a triangular 
approximation is fairly accurate for high flow rates.  This is supported by the data shown in Table 1 
and Figure 5. 

The data showed very high percent error (around -80%) for calculations of the temperature 
change integral using the logarithmic + compensatory area approximation.  This is contrary to the 
original hypothesis.  This may be explained by the analysis of the Equation 1 used to calculate 

cardiac output.  The integral ( )dttTBA ∫
∞

∆=
0

 appears in the denomenator of the equation.  

Therefore, small changes in A will yield increased variance in Q.  In the approximation, A changes 
based on the length of time used in the calculation, since the compensatory area is approximated as a 
triangle with a base determined by the length of time.  A smaller time interval yields a smaller area 
and a larger Q.  However, the time interval cannot be arbitrarily decreased.  Some justification must 
be found to warrant a change of time used in the calculation.  50 seconds was justified as the 
difference between 60 seconds in a clinical thermodilution trial and the 10 seconds used in the 
logarithmic regression.  The benefit of this approximation is that variance decreases significantly 
(3% compared to approximately 35% for the simple triangular approximation).  It should also be 
noted that a triangle has greater area than a logarithmic curve with the same height and base.  Thus, 
the triangular approximation of the compensatory area is overadjusted. 

From this discussion, it appears that the logarithmic approximation of the temperature 
change integral could be beneficial if some other method of calculating the compensatory area is 
defined.  While the triangular approximation gives significantly more accurate results in this 
analysis, much of the error associated with the logarithmic approximation can be attributed to the 
large time interval used for the calculation of the compensatory area.  If some justification can be 
found for reducing the time interval used in the calculation of the compensatory area, or if some other 
method could be developed altogether, then the logarithmic area would probably provide more 
accurate results with less variance. 

The original hypothesis in this lab project was that dye dilution would result in a more 
accurate measurement of cardiac output at a slow flow rate.  The mass of the dye would be 
conserved regardless of back flow within the body.  However, back flow affects the accuracy of dye 
dilution by allowing diffusion and mixing to occur more readily in the injectate with the flowing fluid, 
resulting in a curve that fails to reach the ideal peak concentration.  The percent errors, comparing 
the flow rates of dye dilution to the actual measured flow rates, averaged approximately -95.54 ± 
0.37%, -94.39 ± 0.39% and -89.59 ± 3.06% for fast, medium, and slow flow rates, respectively.  
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From the experiment, dye dilution supports our hypothesis that more accurate results occur during 
low flow. 
 Several findings have led to the recognition of high percent errors.  These reasons include 
makeshift laboratory equipment as well as severely constrained experimental setup stemming from 
insufficient time and budget. Figure 2 in the Introduction section is a representation of the flow 
through the apparatus that was used to measure the change in dye concentration. The test tube 
containing the Tygon tubing was filled with deionized water and then inserted into the 
spectrophotometer. Since the spectrophotometer measures particle concentrations in a set region in 
space within the sample compartment, a thin tube with an outer radius of 0.34 mm flowing through 
that region would represent a very small change in total concentration of fluid within the 
compartment.  Therefore, even though the concentration within the flow through tubing changes 
dramatically, it is not observed in the graph and data sets. As a result, the dye dilution flow rates 
were significantly lower than the actual flow rates measured manually. This accounts for the very 
high percent error associated with the dye dilution trials and is one of the major systematic errors that 
was encountered when running this experiment. 
 A second problem detected in the dye trials, which was found to effect thermodilution, was 
the back flow. The back flow in the laboratory equipment was setup to mimic the narrowing of the 
arteries and veins caused by arteriosclerosis as well as plaque build up around the lumen walls. As in 
an actual patient with arteriosclerosis, the sudden narrowing of the arteries would effect the cardiac 
output and result in a back flow of blood at that location.  To minimize the effects of back flow, the 
thermistor was positioned so that it was a distance from the site of back flow. 

The original hypothesis only considered a loss of energy in thermodilution, as opposed to a 
loss of mass in dye dilution.  One major consideration that could not be conveyed was the loss of dye 
due to absorption in the body.  Affects of plaque build up were notable to be represented within this 
experiment.  The narrowing of the pipe using smooth Tygon tubing was designed to represent only a 
decrease in diameter.  By better designing the experiment to demonstrate all factors of dye dilution 
within the body, it would be clear that a small amount of dye would have been absorbed into the 
walls of the artery.  As a result, some consideration has been given to the amount of dye injected. 

Among the slow, medium, and fast flow trials, two different amounts of dye were injected.  
Trials were executed using dye volume of 5 cc and 8 cc.  The volume of dye is a variable within the 
equation for calculating cardiac output using both methods. The introduction of fluid into the flow 
stream effects the overall flow as well as the back flow. Due to the back flow of the system, it was 
necessary to observe the limit of dye volume the system could accommodate.  The previous 
thermodilution experiment done in BE 310 required an injectate volume of approximately 10 cc.  It 
was evident that due to the large decrease in tube diameter, the system could not accurately give 
results using such a large amount of injectate. Therefore, the injectate volume was reduced to 5 cc 
and 8 cc.  The 8 cc volume was assumed to indicate worse results compared to a 5 cc volume of dye 
because of the low actual flow rate and the effects of back flow that would increase with an increase 
in injectate.  However, the errors associated with a greater amount of injectate decreased.  The error 
due to the increase in volume was –86.15 ± 1.21% for slow flow, -93.14 ± 0.21 for medium flow, 
and –86.15 ± 1.21 for fast flow.  

A comparison of thermodilution, using the triangular approximation, and dye dilution 
indicates that the thermodilution results were more accurate over two of the three flow rates, fast and 
medium. However for the slowest flow rate, dye dilution produced more accurate results than 
thermodilution. The reason for this as discussed in the thermodilution discussion, could be in the 
types of properties that both methods conserve throughout the experiment. Thermodilution works on 
the principal of the conservation of energy while dye dilution works on the conservation of mass 
(dye). For very low flow rates, with a large degree of back flow, the injectate could be mixing in the 
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warm water for up to five seconds, before passing by the thermistor. This allows the injectate to 
warm up considerably before passing the thermistor, adding large degrees of error to the results. The 
slow flow rate and large degree of back flow is not as big a problem with dye dilution because, 
within the Tygon tubing, no dye is going to be loss. Therefore, dye dilution does a better job of 
conserving mass over the control system than does thermodilution when the flow rate is very slow. 
For faster flow rates, back flow is not as great a concern considering the fact that the fluid will be 
carried along at a faster rate. As a result, the injectate does not have as long a period to warm up and 
thus results in less error to the system. As figure 8 in the Results sections shows, thermodilution 
produces much better results under high and medium flow conditions, however under slow flow 
condition dye dilution does better in measuring accurate cardiac output. 

The precision of data, Table 1 and Table 2, in the Results section show the standard 
deviations for the results of thermodilution and dye dilution respectively. The standard deviations for 
thermodilution were higher than the standard deviations for dye dilution.  It is not possible to come to 
a firm conclusion on the origin of the large standard deviations seen in the thermodilution results.  It 
is possible that the standard deviations in the dye dilution method were caused by the tight constraints 
placed on the experimental setup.  Experimental trials should be performed on apparatus that is 
better suited for this type of experiment in order to determine more accurate results.  In conclusion, 
the results of this experiment show that thermodilution produces significantly more accurate results 
at fast and medium flow rates, but dye dilution gives better results at the slowest flow rate.  
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