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KNOPP, THOMAS J., AND JAMES B. BASSINGTHWAIGHTE. Effect of 
flow on transpulmonary circulatory transport functions. J. Appl. Physiol. 
27(l): 36-43. 1969.-Lung transport functions (distributions of 
circulatory transit times across the lung) were characterized in 
four anesthetized dogs at various levels of mean pulmonary blood 
flow. The central circulation was found to approximate a mathe- 
matically linear, time-invariant system when respiratory fre- 
quencies were maintained at 40/min or more. Lung transport 
functions were obtained from 144 pairs of lung-input and lung- 
output dilution curves using a lumped-parameter model and an 
iterative convolution technique. Average relative dispersion 
(standard d eviation of the transport function divided by mean 
transit time) was 0.46, about twice that found previously for seg- 
ments of arteries. The relative dispersion tended to increase as the 
mean transit time increased, suggesting that the dispersing 
mechanism of the lung is dependent on the mean transit time 
(volume/blood flow). Differences between these results and those 
of single-vessel transport function studies can be resolved by con- 
sidering the lung as a parallel-pathway system. It is hypothesized 
that, as total pulmonary blood flow increases, the pathways be- 
come more equally perfused and the relative dispersion of the 
lung decreases. 

indicator-dilution method; central blood volume; circulatory mix- 
ing; indocyanine green; cardiac output 

THE TRANSPORT FUNCTION, h.(t), of a segment of the circula- 
tion is the probability density function of transit times from 
the entrance to the exit of that segment ( 11, 19). Because the 
bolus of indicator becomes dispersed in its traversal of a seg- 
ment of the circulation, any rapid fluctuations in concentra- 
tion at the entrance are diminished in amplitude or slurred 
out during passage through the system; therefore, the system 
acts as a low-pass filter. It is possible to characterize this 
filter in mathematical terms-in terms of a model (3, 16, 
ZO), in terms of nonparametric description as given by the 
transport function itself (9), or in terms of Fourier compo- 
nents (6). 

When there is only one pathway between the upstream 
end of the segment and the downstream end, as in an artery, 
the dispersion of h(t) is due to the velocity profile and to 
turbulence or eddies in the stream. Such transport functions 
have been defined for a segment of artery of the human leg 
( 1) and also for the aorta of the dog ( 2). It was found that 
the dispersion. occurring in these segments was unaffected 
by variations in flow rate over a wide range. 

In the pulmonary vascular bed there are multiple parallel 
pathways and different regional perfusion rates, and it is 

possible that the regional pulmonarv vascular volume is 
dependent on flow rate. The purposed of this study were toe 
characterize the transport function of the dog’s lung at vari- 
ous mean blood flow rates and to test the effect of changes 
in flow and in pulmonary blood volume on the shape of the 
transport function. An additional purpose was to test a new 
method of obtaining estimates of the fraction of the total 
flow passing through different regions. 

METHODS 

General Approach 

The study has four parts: 1’) methods of obtaining the 
transport function, 2) testing for applicability of superposi- 
tion to transport through the lung and left side of the heart, 
3) examination of the effects of changes in lung blood flow 
and lung volume on the transport function, and a) demon- 
stration of a new approach to the estimation of the relative 
flow rates through regions having different mean passage 
times. 

The mathematical approach and the general method- 
ology for the first two parts are essentially the same as out- 
lined for the testing of the applicability of superposition to 
flow in the aorta (2). The nomenclature and mathematical 
terms are defined there and in Fig. 1, with the following 
modifications : 

A = site of sampling catheter tip in main pulmonary artery 
B = site of sampling catheter tip in middle of left atrium 
C = site of sampling catheter tip in aorta just above aortic 

valve 

A(t), B(t), co> = concentration of indicator at sites A, B, and 
C at time t 

WI = transport function between two sampling points 
h’(t) = approximation to h(t) obtained by the analysis 

at) = transport function of sampling systems (these were 
identical) 

hi(t) = transport function of the ith region of the pulmonary 
vascular bed 

f* = 
et 

(flow through the ith region)/(total pulmonary flow) 
denotes the process of convolution integration 

As(t), B,(t), G(t) = concentration recorded at time t after dis- 
tortion by sampling systems 

B’s(t) = computed approximation to B,(t) by A,(t)*h’m(t) 
C’s(t) = computed approximation to C,(t) by B,(t)*h’w(t) 
C” s (t) = computed approximation to C,(t) by A,9(t)*h’Ac(t) 
V*c (t) = computed approximation to /z~c (t) by h’~~(t)*h’~c (t) 

To assure ourselves that we obtained reasonable estimates 
of hAB(t), the focus of physiologic interest, we thought it 
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function for the whole pulmonary circulation should be de- 
scribable by the weighted sum, x fih&), of a family of 
individual transport functions of different mean transit 
times. 

Right Atrium Experimental Techniques 

Four mongrel dogs (21-26 kg) were anesthetized with 
morphine (5 mg/kg) and pentobarbital (30 mg/kg) and 
were studied in the left lateral position. Doses (40-60 mg) 
of pentobarbital were administered periodically during the 
study to maintain anesthesia. 

The animals were intubated, and respiration with room - 
FIG. 1. Block diagram of experiment. 

essential to test for the applicability of superposition in the 
central circulation. Deviations from linearity and station- 
arity were probable because 1) flow is unsteady, 2) the lung 
has multiple parallel pathways in which the relative re- 
gional distribution of flows might be expected to vary, and 
3) mixing in the left atrium and left ventricle is notoriously 
poor and routes of indicator transport might not be con- 
sistent from moment to moment. For these reasons the ex- 
periment was designed in a fashion similar to that used for 
the study of the aorta (Z), so that the fundamental tests for 
linearity and stationarity could be done on the same data 
from which the transpulmonary transport functions would 
be estimated. 

The experimental design (Fig. 1) was based on the as- 
sumption that the deviation of time-averaged sampling 
from volume-averaged sampling at these sampling sites is 
less of an error than the deviation of an experimental injec- 
tion into the pulmonary artery from an ideal flow-tagging 
injection, as was argued previously (2). When the vascular 
system between A and C is linear and stationary and the 
sampling system transport functions are identical, then the 
transport functions h IAB( t), h’& t), and h’&) must be 
identical to hAB( t), hBC( t), and JzAc( t), respectively, in ac- 
cordance with the mathematical argument given previ- 
ously ( 1, 2). This general approach is applicable whether 
the transport functions are determined in terms of a model 
or in terms of nonparametric functions (6). 

Analysis in Terms of Yetwork of Parallel Channels 

air was maintained at 4O/min with a positive-pressure 
( 10 mm Hg) Bird respirator (Bird Oxygen Breathing 
Equipment, Inc., Palm Springs, Calif.) in order to obtain 
a high frequency of respiratory fluctuation in pulmonary 
blood flow and therefore minimize the error due to unsteady 
flow (4). 

Cardiac output was varied by infusion of norepinephrine 
(5-50 pg/min), epinephrine (5-50 pg/min), and acetyl- 
choline (0.06-0.62 mg/ min). The drugs were infused into 
the arch of the aorta distal to the lungs and left heart; thus, 
the cardiac output was changed with changes in systemic 
resistance but with minimal direct action of the drugs on 
the pulmonary vessels or heart. 

Catheters. The catheters were positioned under fluoro- 
scopic control with monitoring of pressure. A ZO-cm-long 
nylon cannula was positioned in the left femoral artery for 
measurement of aortic pressure. A 5-F NH catheter 
(U.S. Catheter & Instrument Corp., Glens Falls, NY.), 
80 cm long (volume = 0.55 ml), was introduced in the 
middle of the right atrium via percutaneous puncture of the 
left external jugular vein for injection of dye. Three identi- 
cal sampling catheters (6-F, 70-cm Teflon; volume = 0.90 
to 0.91 ml) were placed 1) in the trunk of the pulmonary 
artery (about 2 cm above the pulmonary valve) via percu- 
taneous introduction into the left external jugular vein, 2) 
in the aortic root (about 2 cm above the aortic valve) via a 
cutdown on the right carotid artery, and 3) in the middle of 
the left atrium via the right external jugular vein and 
transsep tal puncture. 

Indicator injections. Indocyanine green dye ( 150 mg) 
(Hynson, Westcott & Dunning, Inc., Baltimore, Md.) was 
mixed with 20 ml of distilled water, 97 ml of isotonic saline, 

method for characterizing parallel-pathway systems and for 
Greenleaf and associates (9) worked out a practical 

obtaining estimates of relative regional transit times and 
dye solution) to give a final concentration of 1.25 mg/ml. 
Single injections of l-l .3 ml were made in less than 0.26 set, 

and 3 ml of whole blood from the animal (to stabilize the 

flows. In its simplest form, the method requires making some with a pneumatic injection syringe at a pressure of 12 lb./ 
assumptions about the possible forms of the transport func- in? The amount of dye solution injected into the right 
tions, hi(t), for individual or local pathways, and it then atrium was recorded via a linear potentiometer mechani- 
allows one to obtain the fraction, f i, of the total lung blood tally connected in parallel with the syringe piston. The 
flow traversing each type of pathway. Since each individual shape of the injected bolus was varied by intermixing single 
pathway consists mostly of large vessels rather than capil- and double injections (a double injection is two single in- 
laries, it seems reasonable to assume that each pathway jections separated by 2-4 set). 
might have a transport function similar to that found in a Densitometry. Waters XClOOA densitometers (Waters Co., 
peripheral artery. It has been shown (1) that, over a wide Rochester, Minn.) were used to measure the optical density 
range of flows, the relative dispersion and the skewness of of the whole blood-dye mixture at the three sampling sites 
the transport function were constant. This suggests that the simultaneously. Calibration of the densitometers was done 
transport function of each individual pathway might be 
described by a lagged normal density curve (or any other 
suitable unimodal density function) and that the transport 

at the beginning and end of each experiment, using five so- 
lutions of known dye concentrations (0, 5, 10, 15, and 20 
mg/liter) as described previously for these instruments (8). 
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Sampling systems. Blood was withdrawn through the sam- 
pling systems at a rate of 24.7 ml/min with Harvard con- 
stant-infusion/withdrawal syringes (Harvard Apparatus 
Company, Millis, Mass.). The analytical methods demand 
that the three sampling systems impose equal distortion on 
the dye concentration-vs.-time curves. Through the three 
identical sampling catheters, the three Harvard syringes 
produced flows that were identical to within 0.5 %. At the 
conclusion of each experiment the responses of the three 
sampling systems to a step change in dye concentration were 
obtained by using a solenoid-driven valve assembly to 
switch to withdrawal of blood from either of two reservoirs 
of solution of different concentrations (Fig. 2). The mean 
transit times were about 2.2 set, and the 50 % response times 
of the three sampling systems differed by less than 0.05 sec. 

Recording system. Data were recorded as described previ- 
ously (2) on analog magnetic tape ( 14-channel recorder, 
model 1200, Ampex Corp., Redwood City, Calif.) at 
3.75 inches/set and on a photokymographic record. Re- 
corded were the three simultaneous dye-dilution curves, 
injection-syringe travel, right atria1 pressure, pulmonary 
artery pressure, left atria1 pressure, femoral artery pressure, 
airway pressure, and a binary-coded decimal signal to 
identify the experimental events. 

Dye concentration-vs.-time curves were recorded for 
60-90 set, so that recirculation peaks were included in the 
dilution curves. 

Data preparation. Most of the data preparation was done 
with a Control Data Corporation 3200 digital computer and 
an eight-bit analog-to-digital converter. The programming 
was done in Fortran II and assembly language with a Med- 
lab time-sharing monitor modified from that developed by 
Pryor and Warner ( 14). The experimental data from the 
analog tape were digitized at 15 samples/set and stored on 
digital magnetic tape and on IBM punched cards. The 
amount of dye injected (mg) was calculated from the 
syringe-travel signal deflection (v) times the syringe- travel 
calibration factor (ml/v) times the injectate dye concentra- 
tion (mg/ml). The recorded densitometer curves were con- 
verted to units of milligrams per liter vs. time by using 
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FIG. 2. Responses of three sampling systems to step changes in 
dye concentration at tip of catheter sampling system. 
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calibration factors obtained from 
centrations. 

the five known con- 

0 b taining Optimized Transport Functiord 

The transport functions between 
1. l I  3. al.. 

each of the pairs of 
sampling sites were estimatea in terms of a four-parameter 
equation, the lagged normal density curve as described pre- 
viously ( 1, 3), and modified by approximating the rising 
slope of the distribution function with a straight line as used 
for aortic transport functions (6). The parameters are g, the 
standard deviation, t, , the median of the random disper- 
sion process (Gaussian curve), 7, the time constant of the 
superimposed washout or lag process, and a gain factor 
which is ordinarily 1 .O when no indicator is lost in the circu- 
latory segment under study. Certainly, this is not the only 
model that could be used, but it will be shown that this 
model is adequate for providing descriptions of h(t). As in 
the previous studies, a satisfactory description of h(t) was 
considered to have been obtained when the convolution of 
an unextrapolated recorded input curve, including recircu- 
lation, with a guessed trial transport function provided a 
theoretical output curve which closely approximated the 
unextrapolated recorded output curve for that segment. For 
each such transport function the trials were repeated up to 
50 times or until the coefficient of variation between the 
observed and computed downstream curves was less than 
0.01. The convolution integration was performed numeri- 
cally by using Simpson’s-rule integration. 

A test of the optimization of the fitting of the theoretical 
recorded curves (e.g., the fitting of B’,(t) to B,(t)) and a test 
of the convergence of the method used to adjust the parame- 
ters of the model for each iteration were examined by 
mapping the coefficient of variation between B’,(t) and 
B,(t) above a plane defined by the parameters of the model. 
The mapping in this plane allowed us to observe whether 
there were valleys having a coefficient of variation relatively 
high compared to the best obtainable fit in which the solu- 
tion might become trapped or whether the surface was uni- 
modal and steeply pitched so that an optimum was obtained 
with some precision. The most useful planes tested were the 
c’, 7 plane and the dispersion, mean transit time plane. The 
former is the plane of the two dispersive parameters of the 
lagged normal density curve, but the latter is more general. 

Figure 3 shows the three-dimensional plot of the coeffi- 
cient of variation between a recorded and a theoretical out- 
put curve as a function of the dispersion and of the mean 
transit time of the assumed transport function. It is seen 
that, over a wide region in this plane, the surface has a 
simple, smooth shape, with a well-delineated hill with rea- 
sonably steep sides in the region approaching the best set of 
parameters. In this domain, using this model, the region of 
best fit is clearly defined, so simple optimization procedures 
sufficed to obtain convergence toward a best, and nearly 
unique, solution. This rather satisfying result was shown for 
each set of the curves examined. The smallness of the co- 
efficient of variation at the peak of the hill provides reason- 
able assurance that the values obtained for the transport 
function are not only the best description but also a good 
description. 
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FIG. 3. Three-dimensional plot of closeness of fit of B’&) to B,(t) 
(coefficient of variation) as function of mean transit time and disper- 
sion of transport function. “Best fit” is indicated by peak of hill where 
coefficient of variation is minimal, 0.045; l is 6.8 set and dispersion 
is 3.1 sec. All values of coefficient of variation greater than 0.5 were 
arbitrarily set to 0.5. 

Calculations of Pulmonary Blood Flow and Volume 

Three estimates of pulmonary blood flow were obtained 
from the three simultaneously recorded dye-dilution curves 
by the Stewart-Hamilton technique with monoexponential 
extrapolation of the downslopes. The mean flow, F, was the 
average of the three estimates. Differences between the three 
flow estimates appear to occur randomly with respect to 
sampling site. The mean difference in flows calculated from 
curves sampled at the pulmonary artery and the left atrium 
was 0.08 liter/min (SD = 0.57). The mean difference for 
pulmonary artery and aorta sampling was 0.12 liter/min 

(SD = 0.58). Much of the difference was attributable to in- 
accuracies in densitometer calibration factors. By assuming 
that the mean difference between the flows at the two sites 
was zero for each experiment, multiplication of the calibra- 
tion factor for the pulmonary artery densitometer by the 
mean ratio of flows at the left atrium and pulmonary artery 
resulted in a reduction of the standard deviation of the dif- 
ference to 0.26 liter/min. In any case, errors in the densi- 
tometer calibrations did not change the shape of the 
dye-dilution curves and, hence, did not affect the transport 
function approximations. The cause of the residual variation 
is unknown, but it seems likely that it is related, at least in 
part, to the extrapolation performed on the downslopes of 
the curves. The flow calculations were dependent on this 
extrapolation to remove the effects of recirculating dye, but 
the recorded, unextrapolated curves were used to compute 
the transport functions, which obviates this source of error. 
&pAB (Q , the mean transit time of hlAB( t), was considered to 
be the transpulmonary mean transit time. The estimate of 
transpulmonary blood volume, V, was the product of F and 
&‘AB ct) . This estimate contains a portion of the left atria1 
volume. 

Parallel-Pathway Analysis 

One hundred forty-four lung transport functions were ap- 
proximated by the lagged normal density curve model. The 
mean coefficient of variation between B,(t) (the recorded 
curve sampled at the left atrium) and B’,(t) (the convolu- 
tion of the recorded curve sampled at the pulmonary artery 
and the transport function) was 0.058 (SD = 0.019), indi- 

Individual pathway transport functions, hi(t), were as- 
sumed to have a relative dispersion of 0.2 and a skewness of 
I .O, similar to that found for a single branching vessel ( 1). eating the appropriateness of the model: 

Relative dispersion is the square root of the variance of hi(t) 
divided by its mean transit time, ?hi ( t) ; for the lagged nor- 
mal ,density curve the relative dispersion is &2 + 72/ 
( 7 + tJ. Considering this set, or family, of transport func- 
tions as an orthogonal domain, the frequency of occurrence 
of each member of the family was ascertained and the result 
was checked by comparing the weighted sum to the trans- 
port function, h’ *&), or by using the weighted sum as the 
transport function itself and testing the convolution of this 
transport function with the input curve, A,(t), to obtain a 
theoretical left atria1 curve, B’,(t), for comparison with the 
recorded left atria1 curve, B,(t). 

RESULTS 

Test of A~@i+ability of Superposition 
to Central Circulation 

Figure 4 shows the type of data obtained for the test of 
linearity. One set of original data, the three dilution curves, 
A,(t), B,(t), and C,(t), recorded following one dye injection, 
is shown in the left upper panel. A similar set is shown in 
the left lower panel; 144 sets of such recordings were ob- 
tained at different flow rates and under different physio- 
logic situations in four dogs. 

Superimposed on B,(t) is B’,(t) which is h’AB( t) JFA,( t) ; the 
closeness of the fit between B,(t) and BIB(t) is quantitated 
in terms of the coefficient of variation (0.056 in the upper 
panel) and gives an indication of the accuracy of hlAB(t). 
C’,(t) and C”,(t) are also closely approximated to C,(t), 
showing that &(t) and hl& t) were good descriptions of 
JzBc( t) and &o(t). The closeness of fit between the curves in 
the upper panel was representative of the average for the 
whole experiment; the closeness in the lower panel was 
better than average. The average coefficient of variation of 
B’s(t) to B,(t) and C’,(t) to C,(t) was 0.056 (SD = 0.021; 
N = 288). 

The test for the applicability of superposition is given in 
the right panels. h”&t) is seen to approximate U&t) 
closely. For 113 sets of three recorded curves, the coefficient 
of variation between h” &t) and h’*c( t) averaged 0.178 
(SD = 0.075). The relationships between the mean transit 
time of h”& t) and a standard deviation of hnAC(t) against 
the same parameters of h’ &t) are shown in Fig. 5. The 
coefficients of variation and the data of Fig. 5 show that 
better fits were obtained between h”& t) and U&t) in this 
central circulatory system than were obtained for the dog’s 
aorta (2) and therefore justify the conclusion that, for all 
practical purposes, the system may be considered to be 
linear and stationary over the periods of recording dilution 
curves under the specific circumstances of anesthesia and 
ventilatory and cardiac rates obtained in these dogs. 

Transpulmonary Transport Functions 
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FIG. 4. Test for applicability of superposition to central circulation. 
Left panels show two sets of experimental indicator-dilution curves. 

show associated two sets of three transport functions. Superimposed on 
ha,(t) is hi&) h t , s 

Superimposed on recorded downstream curves, B,(t) and C(t), are 
owing close correspondence of these two and illus- 

theoretical curves, B’, (t), C’, (t), and C “&), obtained by convolu- 
trating that central circulation can be considered as linear, stationary 
system. 

tion of input function with estimated transport function. Right panels 
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Figure 6 illustrates the changes in the transport function 
(labeled hl&t) or h’(t)) as the cardiac output in one dog 
was decreased to less than half of its original value. The 
transport function is scaled to an arbitrary peak but has the 
correct time scale. In all the dogs, as the mean flow de- 
creased, the temporal dispersion in the circulation increased 
and there was an increasing difference between the re- 
corded curve sampled from the pulmonary artery and the 
recorded curve sampled from the left atrium. This is ap- 
parent in the increasing width of the lung transport func- 
tion, h’,,(t). In Fig. 6 the mean transit time of the lung 
transport function changed from 2.9 set at a flow of 4.2 
liters/min to 6.8 set at a flow of 2.0 liters/min and was 
approximately inversely related to the flow. 

The mean transit time, t, and the dispersion, (~2 + #, 
are related as shown in Fig. 7. The linear regression equa- 
tion is (a2 + .2)g = 2.65 t - 1.10, (r = 0.94); but, since the 
intercept is not zero, the relative dispersion is dependent on 

the transit time, being larger with large mean transit times. 
The mean relative dispersion is 0.46 (SD = 0.06). This 
large relative dispersion-more than twice the value found 
in large arteries of the human leg (1)-suggests that the 
mechanism of dispersion in the pulmonary circulation is 
different from that in large arteries. A similar conclusion 
was made from the data obtained in humans (l), which 
showed that the relative dispersion occurring from the root 
of the aorta to the dorsalis pedis artery was less than the 
relative dispersion occurring between the superior vena cava 
and the dorsalis pedis artery. Since the pulmonary circula- 
tion is a complex arrangement of parallel pathways, the dis- 
persion could be a function of the distribution of pathwav 
lengths or flows as well as of the dispersion within each of 
the individual vessels. 

Changes in absolute temporal dispersion are expected 
with changes in either flow or volume but, if changes in 
volume induced changes in flow characteristics or changes 
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FIG. 7. Relationship of transpulmonary mean transit time to dis- 
persion of transport function. Data for four experiments are shown. 
It is apparent that relationship is not linear through origin and that 
there is mildly increased relative dispersion at low flow rates (long 
mean transit times). 

in flow were accompanied by changes in relative regional 
perfusion rates, then the relative dispersion might also 
change as a function of pulmonary blood flow or volume. 
The correlation of relative dispersion with flow gave r = 
-0.26 and with volume, r = +0.22, but with mean 
transit time, r = 0.49, showing that both flow and volume 
influence relative dispersion. 

Analysis in Terms of Parallel Pathways 

The transport function for a single path.wav through the 
lung could be represented by three serial components: I) 
pulmonary arterial system, 2) capillary, 3) pulmonary 
venous system. The capillaries comprise only a very small 
part of this system and, because relative dispersion in a 
single artery or vein is about 0.2, it is apparent that the 
major source of dispersion is the variety of path lengths and 
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transport functions at four different flow rates in one animal shows that 
there is increased temporal dispersion at decreased flow. Parameters 

of each transport function are given. 

blood velocities in different pathways. A parallel-pathway 
model was therefore synthesized in which the delay and dis- 
persion of each pathway, or class of pathways with similar 
transit times, was approximated with a lagged normal 
density curve. This is similar to that which Nicholes and 
associates ( 12) used for the systemic circulation. 

The lower panel of Fig. 8 shows the parallel-pathway 
model applied to a lung transport function, h(t). Each indi- 
vidual transport function, hi(t), is defined by having a 
constant relative dispersion equal to 0.2 and skewness equal 
to 1.0 and is describable by a lagged normal density curve 
[d,Z + 72/( 7 + tc) = 0.2; ,& = 1.01. Twenty members 
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FIG. 8. Description of transport function through pulmonary cir- 
culation by family of transport functions having relative dispersion 
and skewness similar to those found for single vessels (cardiac output, 
4.7 liters/n&). 
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of the family were assumed to define a full set, each member 
being describable by its mean transit time, L The relative 
occurrence of each member of this family for a particular 
transport function is given in the upper panel of Fig. 8, 
where f i is the fraction of the total blood flow having a par- 
ticular t. The total transpulmonary transport function is 
the weighted sum of the members of the family, xfi/z@), 
and is shown in the lower panel in comparison with h(t) as 
obtained via the convolu tion technique. 

It is expected that, as mean blood flow and pulmonary 
blood volume vary, this model will make obvious any shifts 
in blood flow from one class of pathways to another. Perhaps 
the inconstancy of the relative dispersion exhibited by the 
lung transport function can be explained by these changes 
in regional perfusion. 

BISCUSSION 

The lagged normal density equation was used to model 
the circulatory transport function of the lung because it was 
previously found to describe transport functions of the 
arterial circulation (l-3) and because its four parameters 
lend themselves to simple logical adj ustments to obtain good 
approximations Good descriptions of the transport func- 
tion were obtained for 144 sets of curves in spite of up to 
fourfold variations in mean blood flow rate. Good fits were 
also obtained with the model applied to the transport func- 
tion of the left side of the heart and to the whole central 
circulation (coefficient of variation for C’,(t) and C,(t) was 
0.054 =t .023 and for C”,(t) and C,(t), 0.050 & .018). 

The entire structure of the data analysis was dependent 
on the applicability of the convolution integral, i.e., the 
system must be linear and stationary. Though it is clear 
that this pulsatile flow system is not stationary, the close 
similarity between h’ *e(t) and hNAC,(t) suggests that the sys- 
tern is functionally stationary and that the fluctuations in 
flow can be considered as noise in a steady-flow system. A 
theoretical study (4) h as shown quantitatively that this 
should be so. That is, for systems having a mean transit 
time of 3 set and a relative dispersion of about 0.46, less 
than 10 % error in area and dispersion should result when 
the heart rate is 90/min or more; errors due to a heart rate 
of 80/min or greater would be less than 2 % when Z is 6 set 
or more. 

Since h(t) was apparently adequately described by the 
model, its parameters could be examined with regard to the 
induced changes in pulmonary blood volume and blood 
flow. In single-vessel systems, the relative dispersion was 
much less than obtained here for the lung; in a peripheral 
artery (1) it was 0.18 and in the aorta it was about 0.28. 
Dispersion across the lung differed in two ways: I) the 
average relative dispersion w ‘as 0. 46 and 2’) it was not 
constant when the mean blood flow and lung blood volume 
were altered. Sheppard and associates ( 18) have approxi- 
mated the central circulatory transport function with a 
random-walk equation. Their value, 0.35, for the relative 
dispersion is less than our average value but is similar to our 
values obtained at increased cardiac output. 

Since sampling site B was at the middle of the left atrium, 
the so-called transpulmonary volume contains a portion of 
left atria1 volume, and, because of the inconsistency of mix- 

ing at this site, this portion is not accurately known and may 
be variable. Nevertheless, since the atria1 volume is only 
about 15-20 ml in these dogs, the overestimation of pulmo- 
nary blood volume will be small and is partially or com- 
pletely compensated for by having the upstream sampling 
site, A, about 2 cm above the pulmonary valve. The error is 
almost certainly less than might be obtained by sampling 
either one or two of the pulmonary veins, because transit 
times through one pulmonary region may be quite different 
from those through another. 

Other methods for measuring pul monary transpor t func- 
tions have been used. One such is the simultaneous injection 
of two different indicators into the pulmonary artery and 
the left atrium with sampling for both indicators at a down- 
stream site (5). While this clearly makes the sampling sys- 
tems identical, the approach is based on the invalid assump- 
tion of similar mixing characteristics at the two injection 
sites. It is difficult to know how great the errors might be. 
Injection into an artery appears to produce a more or less 
cross-sectional labeling of the fluid and therefore a dispro- 
portionate amount is injected into the lower-velocity streams 
near the wall. The angiographic appearance of an atria1 in- 
jection suggests that deviations from flow tagging may be 
much greater with atria1 than with arterial injections be- 
cause large fractions of the indicator may be suspended in 
slow-moving streams near the atria1 wall, causing large pro- 
longations of the estimated mean transit time. Error in the 
estimation of volume is very dependent on the accuracy of 
the estimates of flow and mean transit time and may be 
larger than the error in either (4, 17). Our estimates of pul- 
monary blood volume are presumably of least accuracy at 
high flows since errors due to cardiac and respiratory fluc- 
tuations in flow are maximal at short mean transit times 
(4), but there was no significant increase in the coefficients 
of variation when transit times were short. 

The large value for the relative dispersion can best be ex- 
plained in terms of the many parallel pathways through the 
lung and a heterogeneity of pathway mean transit times. 
Differences in regional perfusion in the lung have been 
demonstrated by others (10, 21). Redistribution of lung 
blood flow accompanies environmental changes such as 
changes in direction and magnitude of gravitational forces 
( 15). The lung capillaries have low compliance, and large 
changes in total lung blood flow are accompanied by rela- 
tively small changes in pulmonary blood volume ( 7). It is 
quite likely that some previously closed pathways open when 
total blood flow is increased by increasing the perfusion 
pressure (5). But changes in regional perfusion due to in- 
creases in total blood flow are also likely to be a resul t of a 
more equ al perfusion of previously open pathways. The 
latter explanation is more camp atible with ou r observation 
of increased relative dispersion at long mean transit times 
(Fig. 7). Our data from these intact, closed-chest dogs do 
show that increased dispersion accompanied decreased left 
atria1 pressure, just as Permutt and Maseri (personal com- 
munication) found in isolated perfused lungs. Although not 
performed routinely, a few simultaneous determinations of 
relative dispersion and left atria1 pressure gave a mean of 
-0.023 as the slope of relative dispersion vs. pressure 

(N = 9; r = -0.74). 
The parallel-pathway concept was applied to the lung 
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previously by Parrish and co-workers ( 13) who used 
cascaded dispersive delay lines to describe the pulmonary 
functions. Lenfant and Okubo (10) used an interesting 
parallel-pathway model for uptake of 02 by the lung. The 
02 was assumed to be washed out of the individual alveoli 
in a double-exponential manner in which the 02 concentra- 
tion in the alveoli is dependent on ventilation and the rate 
of washout is dependent on blood flow. Their model as- 
sumed nondispersive plug flow from the alveoli to the 
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