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Indicator dilution curves obtained from various
systemic arterial sampling sites are commonly used
for analysis of blood flow, cardiac shunts and val-
vular regurgitation, and for study of segments of
the blood volume. It is generally assumed that the
contour of such curves is largely determined by the
passage and dilution of the indicator in the cen-
tral circulation and that changes occurring during
arterial passage are minor and predictable on the
basis of the expected velocity of arterial blood
flow and the distances of the commonly used
sampling sites from the aortic root. Although it
is accepted that quantification of blood flow is un-
affected by changes in curve contour so long as
the first circulation of indicator can be identified,
the estimation of other parameters available from
curve analysis may be significantly influenced by
the validity of the above assumption. Beard,
Wood and Clagett (1) and Fox, Sutterer and
Wood (2) have demonstrated considerable dif-
ferences in contour as well as appearance time of
curves obtained from the femoral (FA), radial
(RA) and dorsalis pedis arteries. The first study
showed delay in the FA components in coarctation
of the aorta as compared with the RA curve,
whereas the latter study noted delay and skewing
of the RA or pedal curve as compared with the FA
curve.
the abdominal aortic curves in normal subjects.
During preliminary studies of an investigation
which attempted to quantitate valvular regurgitation
by comparison of indicator dilution curves recorded
simultaneously from the pulmonary artery (PA)
and a systemic artery, we noted that in normal
subjects only FA curves consistently resembled
the PA curve while those recorded from the

* Supported in part by grants from the Utah Heart
Association and the United States Public Health Service
(Grant no. H-3126 and HTS 5150).

The FA curves were similar in contour to

brachial artery (BA), or RA frequently showed
unpredictable deviations in curve parameters.

Although these studies clearly indicate that the
sampling site as well as the sampling system (3-6)
play an important role in the parameters of dilu-
tion curves, it is not clear whether the effects of
arterial passage are a predictable characteristic in
each arterial system and are constant from sub-
ject to subject and from moment to moment, or
whether capricious effects occur which are re-
lated to spontaneous or reflex local disturbances,
possibly produced by the sampling technique.

The present study was undertaken in an at-
tempt to define the extent of variation in curves
as obtained from commonly employed arterial sites
and to examine the possible mechanism for distor-
tion or skewing of the curves. The results of
human studies led to the parallel investigation in
a hydraulic analog system having three charac-
teristics considered most important in determining
the presence and extent of curve alteration: pulsa-
tile flow, a branched elastic system, and variable
efflux resistances. Although the effects on a dilu-
tion curve of constant flow through rigid tubing
are well known (3-6), little evidence exists as to
the pulsatile flow through a branched elastic sys-
tem encountered in man.

METHODS

Human studies. Studies were carried out in 12 human
subjects in the resting state during the course of venous
cardiac catheterization. Simultaneous FA and BA curves
were obtained following right heart or venous injection
of T-1824 or indocyanine green in 4 normal subjects.
In 3 others, simultaneous RA and FA curves were ob-
tained (Table I, Subjects 1 through 7). Three patients
with coarctation of the aorta were examined: one with
minimal narrowing showing only alteration of the
central pressure slope (Patient 8), and two with evi-
dence of severe constriction of the aorta and well de-
veloped collateral circulation (Patients 9 and 10). An-
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TABLE I
Parameters of simultaneous dilution curves from two arterial sites*

Subject Sampling
no. Age, Sex Diagnosis sitest At} Atpl A(ta-ta)t
1 21, M Normal FA/BA +2.3 +3.5 +5.5
2 18, M Normal FA/BA +2.0 +4.0 +6.0
3 30, M Normal FA/BA +1.0 +1.5 +1.0
4 36, M Normal FA/BA 0.0 0.0 +1.0
5 29, M Normal FA/RA +3.5 +4.7 +6.0
6 23, M Normal FA/RA +6.0 +8.5 +10.5
7 29, M Repaired FA/RA +3.0 +3.0 0.0
atrial septal defect
8 24, M Funct. FA/BA +1.0 +1.5 +1.0
coarctation
aorta
9 38, M Severe FA/BA —-1.0 -2.0 -35.0
10 19, M Moderate FA/BA -1.0 —-1.5 -1.0
11 66, M Abd. aortic FA/BA —8.0 —9.0 —-2.0
12 23, F Bradycardia FA/BA 0.0 0.0 0.0

* Records were obtained by using either two direct recording oximetergalvanometer systems or two densitometer-

galvanometer systems (see Methods).

t FA, BA and RA refer to curves obtained from the femoral artery, brachial artery and radial artery.

the left brachial artery was used.

In Subject 9,

1 ta, tp and ty-t, refer to appearance time, peak concentration time, and passage time, respectively, following the

nomenclature proposed by others (2).
taneously recorded curves.

other subject (Patient 11) had a large abdominal aortic
aneurysm and Patient 12 was included because of a
bradycardia of 36 beats per minute. FA and BA curves
were obtained in Patients 8 through 12.

Arterial punctures were performed following liberal
infiltration of the puncture site with 2 per cent pro-
caine; 20 gauge needles were used for the radial and 18
gauge or 20 gauge needles for the brachial and femoral
punctures. None of the patients complained of discom-
fort from the indwelling needle. The device for simul-
taneous sampling from two sites is described elsewhere.
A sampling rate of 0.3 to 0.6 ml per second was used in
all studies. Cuvet oximeters! or cuvet densitometers 2
used were attached directly to the arterial needles, and
the delay times due to the dead space of cuvet tubing
(0.5 ml in the oximeter and 0.25 ml in the densitometer)
were equal and less than one second. The curves were
recorded by a kymographic camera 3 at a paper speed of
5 mm per second. The downslopes were extrapolated to
points of equal concentration.

Paired curves were analyzed for the following param-
eters: appearance time, t., and peak concentration time,
tp. The “disappearance time” was estimated by extrap-
olating the curve with the most rapidly decaying con-
centration to 0.05 of the concentration at the beginning
of apparent exponential decrease in concentration. The
other curve is then extrapolated to an equal concentra-
tion. This is taken to be the time when the two sampling

1 Wood cuvet oximeter, Waters Corp., Rochester, Minn.

2XC-100A densitometer, Waters Corp., Rochester,
Minn.

3 Waters kymographic camera, model G-12, Waters
Corp., Rochester, Minn.

s (2). Aty Aty and A(te-ta) refer to the relationship between values of the two simul-
Positive sign indicates that FA curve measurements were the smaller.

sites reflect a common event occurring upstream in the
aorta.

In addition to the experiments described above, arterial
blood flow patterns were studied in 8 normal subjects
and in 3 individuals with valvular heart disease who were
free from obvious arterial disease. This was accom-
plished by observing with cinefluorography ¢ the distri-
bution and flow of 50 per cent diatrizoate sodium (Hy-
paque) introduced into an artery. Following percutane-
ous puncture with an 18 gauge needle, a specially modi-
fied 20 gauge needle, 10 cm long with the tip occluded
and fenestrations placed radially over the distal centi-
meter of length was passed through the no. 18 needle so
that the multiple openings lay within the lumen of the
vessel studied. After free flow was ascertained, cine-
fluorographic recordings were made of the streaming
pathways of slowly injected, 1 ml per second, and rapidly
injected, 2 to 4 ml per second, 50 per cent Hypaque. In
4 subjects injections were made into the brachial artery.
The femoral artery was used in 4 normals and in 3 pa-
tients with mild aortic valvular incompetence. In 3 of
the normal subjects in whom FA injection was made,
records were obtained before and after occlusion of ar-
terial blood flow just above the knee by means of a pneu-
matic cuff inflated to suprasystolic pressure.

Model studies. The hydraulic analog consisted of a
simple branched system of rubber tubing with a small
glass “Y” tube at the bifurcation. Water was pumped
through the system by means of a Sigma Motor finger
pump, which delivered pulsatile flow with a stroke vol-
ume about 10 ml at a rate of 80 per minute. The volume
of the undistended system measured, under various con-

4 Cinefluorex, Westinghouse Corp.
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ditions, from 16 to 20 ml. The distal ends of the two
branches of tubing could be controlled by screw clamps
to provide variable outflow resistances. Indicator was
injected proximal to the pump. The latter provided ade-
quate mixing. Dilution curves were obtained through
short no. 20 needles connected to direct recording cu-
vet oximeters. Sampling was accomplished by the paired
sampling syringes mentioned previously (3). The rate
of sampling at all times was less than 5 per cent of the
flow through the model. The model was intended to
closely simulate the relative capacity of the arterial tree
and the flow rate through it. The following paragraph
describes the manner in which local alterations in flow
were simulated.

The following experimental conditions were set up to

A

Simultaneous sampling from
two Arterial sites

(Paired sampler ; no sampling lag)

Inj. “Cardio Green"
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test their influence on the contour of a dilution curve:
a) sampling from two branches having equal flow, but
equal or unequal volume; b) sampling from two branches
having unequal flow, accomplished by changing outflow
resistance of one branch only; ¢) sampling from proxi-
mal and distal segments of one branch having increased
outflow resistance; d) sampling from a nonexpansile
system made so by lowering outflow resistance in both
branches; ¢) sampling from both branches with elevated,
but slightly unequal, outflow resistances.

The failure of the galvanometer beam to return to the
baseline after curve inscription deserves mention. It was
noted that the polyethylene tubing, leading water and
T-1824 dye through the recording cuvet, would remain
faintly tinted with blue color long after the effluent was

¥

’Femorol Artery

~ 171

Fic. 1.

A. A CHARACTERISTIC SET OF CURVES FROM A NORMAL MALE (SUB-

JECT 1, TABLE I) SHOWING FAIRLY EXTREME VARIATION BETWEEN BA AND

FA CURVEs.

Curves are extrapolated to equal concentrations.

B. SimuL-

TANEOUS CURVES FROM THE FA AND RA roLLowING PA INjEcTION. Record-
ings were made using cuvet densitometers sensitive to indocyanine green.
The variation of the RA curve from the FA curve is qualitatively the same
as the variation of the BA curve from the FA curve in 1A,
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Rodiol Artery

4

Femorol Artery

F1e. 2. Curves rroM FA aAnNp RA IN A 29 YEAR OLD
MALE (Susject 5, TABLE I) FOLLOWING SUCCESSFUL RE-
PAIR OF AN ATRIAL SEPTAL DEFECT. Note the delay of all
parameters of the RA curve without skewing.

colorless. We conclude that loose binding between the
dye and plastic occurred with a significant effect only at
low concentration. We, therefore, doubt the accuracy
of the downslope at lower concentrations and have used
the segment of the curve shortly after the peak for com-
parative purposes. )

'RESULTS

1. Comparison of human curves obtained simul-

taneously from two arteries. As demonstrated in.

Figures 1, 2 and 3, considerable variability is en-
countered when two curves are recorded simul-
taneously from various arterial sites following
single venous or right heart injection.

The measured parameters of paired curves are
listed in Table I. There is frequently not only de-
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Coarctation of Aorta

+——I|0 Sec.—>

Femoral Artery,

( Inj. Vein

Fic. 3. THE EFFECTS OF SEVERE MECHANICAL OBSTRUC-
TION OF AORTA DISTAL TO THE LEFT SUBCLAVIAN ARTERY
(SAMPLING FROM THE LEFT BRACHIAL ARTERY). The delay
and skewing of the FA curve as compared to the BA
curves is probably the result of increased U/F ratio distal
to the coarctation and to the presence of numerous col-
laterals with variable transit times.

layed appearance, t,, of dye at the BA or RA when
compared with the FA, but in addition the curve
is skewed by further delay in the peak concentra-
tion time, t,, and prolongation of the passage time,
te-ta (Subjects 1, 2, 5 and 6). These findings
agree in general with those of Fox, Sutterer and
Wood (2), but there is not always significant al-
teration of the BA curves (Subjects 3, 4, 8 and
12) and the RA curve may be delayed without
other alteration (Subject 7). Examination of the
pair of curves in Figure 1A shows that the delay
in t, is about 2.3 seconds, the delay in t, 3.5 sec-
onds and the increase in ts-t, is even greater, 5
seconds. Thus, the first appearing dye is delayed
at the BA site, but not so much as is the dye par-

‘i NON-DISTENDED VOLUME, 16-20 ml.
S EB dye inj.
[
S
Oxim
Gloss tube
J R
R ———— &
.\\
"Finger" Pump Oxim \
S.V. «IOml . Woste
m..ao,,,ﬁ,L Rubber tubing )~

Simple Bronched Elostic System;
Pulsatile Flow

F16. 4 THE OUTLINE OF THE MODEL OF A SINGLE BRANCHED SYSTEM WITH EXPANSILE AND
PULSATILE FLOW. Ratio of “diastolic” volume to stroke volume and pump rate are close to

these values expected in the human arterial tree.

S; are sampling sites.

R and R, are variable resistances; S,, S, and
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Equal length, diameter and flow

Unequal length, diameter.and
Equal flow

Distal long

F1c. 5. TWO SUCCESSIVE STROKE VOLUMES FROM A DILUTION CURVE, EACH
STROKE A RATHER HOMOGENEOUS “STEP FUNCTION” OF CONCENTRATION. The
shaded areas indicate that the mixing length is short compared to the distance

over which concentration tends to be constant.

This concept would ex-

plain the finding of nearly constant contour of curves from various portions

of a system where U/F ratios were equal in the two branches.

Below, rep-

resentative curves from such a system are shown.

ticle with average transit time, t, and even less than
the particles near t;. Figure 1B, recorded with
more rapidly responding cuvet densitometers from
the FA and RA, shows similar findings. The
cases included in Table I represent all possible
combinations of FA and BA and RA relation-
ships: @) the common occurrence of delayed ap-
pearance and skewness of the BA with respect to
the FA (Subject 1 and 2) ; b) no significant differ-
ence between FA and BA curves (Subjects 3, 4, 8
and 12); ¢) delay in onset, t,, of the RA curves
with or without variation of contour (Subjects 5,
6 and 7); d) reversal of usual findings in severe
coarctation (Subjects 9 and 10) and in abdominal
aortic aneurysm (Subject 11).

2. Cinefluorex studies. In all FA studies in-
cluding those of three subjects with mild aortic

regurgitation, Hypaque, injected slowly at 1 ml
per second, was carried distally without visible
diastolic retrograde movement. During repeated
studies, or if Hypaque was injected -at a faster
rate for 8 to 10 seconds, a variable degree of retro-
grade movement, never more than 3 to 5 cm, was
apparent in diastole. There was always rapid
clearance of injectate from the site.

In the three FA studies with cuff occlusion of
the arterial flow just above the knee, striking
retrograde flow of Hypaque was seen as far proxi-
mal as the aortic bifurcation. Subsequent injec-
tions with the cuff released showed the relation-
ships seen in the control period.

Brachial artery injections revealed a more vari-
able pattern. In one patient there was no visible
retrograde movement. In two remaining normal
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subjects, there was a variable diastolic retrograde
movement of injectate with slow clearing of indi-
cator after cessation of injection. In one normal
subject, a brief rapid injection of a small volume
resulted in retrograde flow so striking that the
subclavian artery was opacified and, although ra-
dial pulse was palpable, washout time was pro-
longed to 18 seconds after cessation of injection.
3. Model studies. The outcome of Studies 1
and 2 above suggested the simple branched elastic
model (Figure 4) with pulsatile flow and the
variations of the volume-flow relations described
above. When equal flow occurs through equal
volumes of the pulsatile system, the curves ob-
tained from each branch are identical in all param-
eters. When the volumes to be traversed are un-
equal but the flow rates are identical, the simi-
larity of the two curves is maintained, but of
course the distal curve has delayed inscription
(Figure 5). Thus, differences in volume con-
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tained in the two branches of the system do not
significantly change the contour of the curves.
However, a disproportionate decrease in flow of
one branch (“vasoconstriction”), with volume,
elasticity and stroke volume kept constant, shows
that, in addition to the expected delay in the ap-
pearance time, the peak concentration time and the
extrapolated passage time are further significantly
delayed (Figure 6). In fact, when compared to
the delay in t,, t, and ts show even greater “‘smear-
ing,” i.e., they demonstrate progressive delay when
compared to the same measurement of the branch
of the model that had normal outflow resistance.
This same relative difference between t,, t, and t4
was noted in many human subjects when simul-
taneous sampling from radial or brachial artery
was compared with the femoral artery.

With high outflow resistance of one branch of
the model, similar differences appear when curves
are recorded simultaneously from the proximal

Femorol Artery $
M

Unequol' length, diometer and
moderately unequal flow.
Resistonce L >S

Distal short
Distal long

Distal short

Unequal flow,length ond diometer
ResistanceL >>S

Distal
long

F16. 6. SCHEMATIC REPRESENTATION OF INCREASED U/F IN A SIDE BRANCH

ACCOMPLISHED BY INCREASING RESISTANCE R,

Now the mixing length is

an appreciable fraction of the total segment occupied by the aliquot of stroke

volume.

Below are seen the effects of two conditions of unequal flow.



ARTERIAL BLOOD FLOW PATTERNS

1419
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Long branch, Proximal & distal
sompling sites.

o @

Prox.

R,<<R,

Brachiol Artery

As before,flow through long branch decreased.

F16. 7. THE DEPICTION OF MIXTURE OF SEVERAL ALIQUOTS OF SUCCESSIVE STROKES
iN THE HIGH U/F smE BrancH. Thus the fourth stroke concentration may be re-
corded from the FA (or S;) while the first stroke concentration reaches the site S,.
Strokes 1 through 5 intermingle, strokes 1 and 2 mix “ahead” with undyed blood and
will be recorded in advance of the centroid of the curve. After t;, this process is re-
versed with volumes of lower concentration entering the segment and mixing with

higher concentrations present; in consequence delayed clearance occurs.

Note the

similarity of curves from S,, the proximal site on the side branch, and S, of Figure 6.

and the distal end of the same branch (Figure 7).
The proximal curve is similar to a record obtained
from a branch with normal outflow resistance; the
distal curve is similar to that from the constricted
branch of Figure 6, so that the difference in curve
parameters sampled from these two sites of the
same ‘“vasoconstricted” branch is essentially the
same as the difference obtained from one normal
and one constricted branch, This is more marked
when the resistance in the sampled tube is fur-
ther increased.

Finally, conditions of flow in a non-expansile
system were simulated by causing such low out-
flow resistance that discontinuous (systolic) rather
than continuous but pulsatile flow occurred. This
solely systolic and presumably laminar flow did
not cause distention of the rubber tubing and no

appreciable elastic effect remained (Figure 8
left). Under these circumstances no distortion
of contour was found. Likewise, when extreme,
although unequal increase in resistance was ap-
plied to the two branches, there again was no
distortion of proximal and distal curves obtained
from one branch (Figure 8 right).

DISCUSSION

From the results obtained in the human stud-
ies, it is apparent that, in the absence of structural
abnormality of the aorta, the FA curve invariably
has values of t,, t, and ts-t, equal to or less than
those of a simultaneous curve from another ar-
terial site. Published curves of Fox and associ-
ates (2) indicate that the FA curve does not differ
significantly from the curve obtained from the
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abdominal aorta except for the expected brief and
equal delay of all parameters. Comparison of
curves obtained from the PA and FA following
venous injection in normal subjects shows only a
small, nearly constant alteration in contour (7).
These observations support the conclusion that,
when dealing with a normal arterial tree, the FA
curve may be considered a close representative of
its antecedent as it emerged from the left ventricle.
The reason this site is unique among those com-
monly utilized may be the nearly pure forward
flow patterns generally found with FA radio-
graphic studies, except when mechanical obstruc-
tion is induced distal to the site studied. As a
corollary, of all commonly used sites in man, the
FA curve can be recorded with a minimum of de-
lay and is not likely to imply a “Stewart” volume
greater than the anatomical volume existing be-
tween aortic valve and sampling site. This con-
clusion is not warranted if gross aortic disease
exists.

Curves from the BA may or may not differ from
the FA curve in an apparently unpredictable man-

"Rigid" system, non expansile
low resistance flow;proximal
ond distal sompling from
long branch.

~

Distal

Prox.

Fic. 8.
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ner. This correlates with variability of flow pat-
terns seen in BA injection studies. Although the
number of paired curves from the FA and RA is
small, the latter curves show the most striking
alterations and this is in keeping with the finding
of slow clearance of radiopaque substance distal
to the BA injection site even though severe alter-
ations of flow patterns were not seen at that site.

The manner in which curves may be altered by
arterial passage would seem to depend on local
variation of flow and volume relations. The ob-
served facts implicate two mechanisms, both of
which are the consequence of local vasoconstrictive
action: local regurgitation (return flow) because
systolic uptake exceeds the runoff capacity of the
segmental vascular bed, and a smaller systolic
uptake over a prolonged time period because of a
decrease in the compliance of the segment of ar-
terial bed involved.

A suggested skewing mechanism

As stated, any explanation advanced for the
mechanisms by which curves may be altered dur-

Increased resistance in
both L &S tubes. Sampling
from long branch.

Distal —~!

Prox.

(LEFT) THE EFFECTS OF PULSATILE BUT NONEXPANSILE FLOW.

There is no discernible effect due to laminar flow in the side branch.
(RiGHT) EXTREMELY HIGH RESISTANCE IN BOTH BRANCHES; PULSATILE, EX-
PANSILE FLOowW. Again only delay is seen in all portions of the curve from
the distal site without skewing. This is similar to the curve from human sub-

ject, Figure 2.
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ing passage through the arterial tree must include
considerations of a pulsatile elastic system. It
must also embrace the premise that the normal
arterial tree receives the dilution curve in suc-
cessive stroke volumes of more or less homogene-
ous concentration which occupy segments along
the tree which are long as compared to the dis-
tance over which longitudinal mixing can occur
during the time of arterial passage. To be ac-
ceptable, longer mixing pathways, shorter length
of constant concentration, longer time of -passage,
or a combination of these must be incorporated in
the explanation. The following paragraphs and
Figures 5 through 8 attempt this.

First, consider the various branches of the ar-
terial tree as having a diastolic runoff equal to the
net systolic uptake. If this ideal condition pre-
vails, then all the blood entering a given branched
segment in systole will eventually leave the ap-
propriate drainage bed at the other end (Figure
5). To the extent that the ratio of systolic up-
take or “capacitance” over diastolic runoff or flow
(U/F) of a branched segment differs from the
ideal situation, more or less blood will leave the
drainage bed in diastole than the net amount which
entered during systole. If the U/F ratio is greater
than average, then some of the systolic uptake
which has penetrated the segment a certain dis-
tance will not be able to proceed and will flow or
regurgitate into other segments with smaller U/F
ratios. This circumstance, illustrated in Figures
6 and 7, would allow a degree of regurgitation in
any segment in which the U/F ratio exceeded the
average. The effects of this regurgitation on the
remaining low U/F vessels would not necessarily
be discernible, since the concentration of indi-
cator is identical in all of the systolic ejectate and
subsequent diastolic runoff.

The effects of this localized regurgitation can be
examined further. Let us consider the course of
events which follows the end of systole. (Assum-
ing the pressure is nearly the same at all points
in this small segment, one may consider diastole
to begin at nearly the same time in all parts.)
Consider first the fate of the blood immediately
adjacent to the arterioles; this will low continu-
ously forward during diastole and in this it is simi-
lar to all the juxta-arteriolar blood. However,
the blood and indicator, which at the end of systole
are found at the entrance to this segment, reverse
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flow and enter another drainage area. The fate
of blood at various intermediate points will gener-
ally fall between these extremes and theoretically
there is a point in such a segment where the two
opposite effects balance and no net flow occurs
during diastole. These reasonable conclusions
thus far have not caused an alteration of the time
concentration curve as it traverses this aberrant
segment since, at any given instant, the concen-
tration is the same in both average and aberrant
segments. A second abnormal condition is needed
for dispersion to occur and to result in different
concentrations in the two segments at a given time.
This may be related to the manner in which sys-
tolic “penetration” occurs. In any segment a
certain end-diastolic volume exists. The systolic
uptake is smaller than the end-systolic volume,
and to the extent that the latter exceeds the former,
more than one stroke will be required until the
indicator substances have completely traversed a
segment. If diastolic flow is normally related to
net systolic uptake, ie., equal (U/F = 1), then
the average traversal time may be considered equal
to the volume of the segment divided by the ar-
teriolar runoff per second. It follows that with
diminished runoff and constant volume, this time
would increase inversely as the runoff decreased.
Note that this will allow a delayed t, as seen in
human and model curves, but not necessarily an
alteration of the contour. This situation is en-
countered in Table I, Subject 7, and in Figures 2
and 8. A further essential is the distribution of
small aliquots of each stroke volume (systolic
ejection) over an additional volume (and between
one another). Since it has been stipulated that
the stability of the curve as normally seen is due
to a short longitudinal mixing distance and the
relatively much greater length of homogeneous
concentration, it is possible to increase the dis-
persion and alter the curve either by decreasing
the length of homogeneous concentration, by in-
creasing the length of longitudinal exchange, or
by allowing longer time for longitudinal mixing.
When small aliquots of aortic ejectate enter a seg-
ment with increased ratio of U/F so that several
successive short subsegments have different con-
centrations, and if conditions within the segment
allow a significant degree of longitudinal mixing,
we finally have all three conditions necessary for
definite alteration of the input curve. The cir-
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cumstances encountered in an “average” U/F
segment are shown schematically in Figure 5. It
will be noted that there are long distances of ho-
mogeneous concentration and short distances over
which mixing can occur. This situation is con-
trasted with a high ratio U/F segment in which
the distance between blood with two concentration
levels may be of the same order as the distance of
mixing (Figures 6 and 7).

Correlation of the theoretical mechanism out-
lined and the observed abnormalities follows. As
successive small volumes of increasing concentra-
tion enter the segment of high U/F and move more
slowly, as in Figures 6 and 7, a delayed t is to be
expected. However, the mixing effect will cause
an apparent “advance” of the appearance time t,,
since it is delayed less than t; t is not affected by
the mixing process which is bidirectional and of
equal magnitude. Since t, is delayed less than f,
the first part of the curve is longer than the simul-
taneous curve recorded from the undisturbed seg-
ment. After peak concentration is reached, and
decreasing concentration occurs with successive
strokes, the mixing of aliquots of several strokes
now slows the clearance, i.e., to-t, is longer in the
segment with a high U/F. The human studies,
Figure 1A and B, and model studies, Figures 6
and 7, are equivalent examples of this.

Of interest is the effect of mechanical obstruc-
tion on the contour of the dilution curve. Subject
8 (Table I), a patient with mild aortic coarctation,
exhibited little functional evidence of obstruction
(8) and showed the usual relations between FA
and BA artery curves. Subject 9, with severe but
incomplete obstruction, exhibited delay and skew-
ing of the FA curve as compared to the BA curve,
the reverse of the usual finding. This alteration of
the FA curve is probably primarily caused by the
increased U/F ratio distal to the obstruction rather
than by the presence of collateral pathways of
variable transit times. This is suggested from the
evidence that the alteration of the FA curve is
similar to that seen in BA when increased U/F
is suspected. Beard and co-workers (1) have
shown that the delay of the FA curve is corrected
following repair of the coarcted segment.

The theoretical concepts presented above fit the
observed differences in human studies and receive
support from cinefluorographic studies which have
demonstrated the transformation of a normal bra-
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chial artery flow pattern to a “regurgitant” and
almost stagnant flow pattern by local vasoconstric-
tive reactions. Model studies clearly show that, if
there is no disproportion of U/F allowed in the
analog, the curve is nearly identical in all sites
measured and the effects of laminar flow cannot
be discerned. These methods of investigation also
yielded results compatible with the theory that a
curve may be altered by slow movement of a
vascular column containing several different con-
centration levels where increased local mixing is
possible. All of these are consequences of the
increaséed U/F ratio of that segment.

Although it has been convenient to consider cer-
tain portions of the peripheral arterial tree as ex-
tensions of “sampling system dead space” (2, 9),
it is obvious from Table I that the effects of this
type of dead space are quite variable and a single
curve could not be analyzed by the approaches
which Sherman, Schlant, Kraus and Moore (6)
have applied to catheter sampling systems. For
this reason, it is suggested that in the consideration
of possible alteration of dilution curves only the
predictable, measurable invariant “dead space” be
used in corrective manipulation.

SUMMARY

Of all commonly used arterial sampling sites,
the femoral artery is most likely to yield a curve
which most closely approaches the curve as it
emerges from the left ventricle and this curve will
be recorded with the least delay. Variable altera-
tion of one or more curve parameters was fre-
quently seen when simultaneous brachial artery or
radial artery curves were compared with those
from the femoral artery. The distortion encoun-
tered may assume proportions which would lead
to serious inaccuracy in the estimation of appear-
ance time, mean circulation time and disappear-
ance slope.

Radiopaque injections into the femoral and bra-
chial arteries of human subjects without arterial
disease show extremely variable flow patterns in
the brachial artery but not in the femoral artery.
This is apparently due to local vasoconstriction.

A simple branched model characterized by pul-
satile flow in an elastic system, with dimensions of
capacity and stroke volume proportional to those
of the human large arterial bed, could duplicate all
variations of dilution curves seen in the human
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studies by means of altered resistance to flow in
the two branches.

In the absence of pulsatile, elastic flow in the
model, alteration of the curves was not seen, thus
indicating that the parameters measured were in-
sensitive to the effects of laminar flow and longi-
tudinal mixing.

It is concluded that whenever possible the fem-
oral artery in humans should be the most distal
sampling site used when accurate reproduction of
the contour of the curve and accurate estimation of
the arterial volume included in the “Stewart” or
“needle to needle” volume is required.

A high degree of coarctation of the aorta and
presumably obstructive disease of the great vessels
or aneurysmal dilatation of the thoracic or abdom-
inal aorta render the femoral artery curve invalid
for accurate applications of a dilution curve.
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