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BYPASS FLOW AND TISSUE PERFUSION: A DUAL TRACER DETERMINATION
Michael L. Goris

University of California
Berkeley, California
ABSTRACT
- The density function of transit times of a tracer
thfough a vascular or perfusion system contains information

about the flow of carrier and the dLstributiQn volumes of the

tracer.

To derive the density function of transit times from
observational data, one has to correct the latter for recir-‘

culation.

This is done by independently estimating the effect of
'recirculation on a known density function of transit times
‘(1n this case a delta function).

It is shown how the tissue perfusionAof an organ can be

estimated from the density function of transit times of a

 vdiffusable tracer injected into the organ, and how an error

in this estimation'résults if bypass or shunting is not ac-
counted for. _ |

| ‘The thsiological significance of this shunting 1s re-
viewed, and 1t is shown.how the_éhunting fractioh.of the flow
can be estiméted from the simultaneous analysls of thé densi-

ty functions-of trahsit_times of a diffusable and a non-dif-

_fusable_trécer.'

The mefhod-ls applied to the hind limb‘of a dog. The



tracers are colloid (®%MTc labeled) and Xenon (133Xe). The
results are consistent with observations on the bypass flow

made by other means.
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| - INTRODUCTION |
We intend to present a method allowing_one to determine

the_bypass;.or functional shunt}flow, and the tissue perfu- -

sion of peripheral'organs.

vWe_W111-show how external detectionvofvradioactive tra-

cers can be used in such a manner that counting geometry does

'not 1ntroduce an error, and how the first passage of the tra-

cer through'the.organ can be determined by correcting for re-

.circulation.

A. The Density Function of Transit-Times: The Firét Pass De-

termination

The relation between the funétion deScribing the first

passage through an organ (or vascular bed)-andvthe tissue

‘perfusion (or blocd or plasma flow),'will be discussed exten-

sively in the neXt chapters. At this point it 1is sufficient

to state that wevwill show how the average time spent within

- the system: (or the mean transit time t) by a true flow tracer

1s related to the virtual distribution volume (V) of the tra-

cer, and the flow of carrier (F), as
= V/F
The . function describing the first passage through the
system, h(t), is the density function of transit times and |

has dimension time-'. The function h(t) is defined as fol-

lows:

' The system (which s an organ, or some tissue) is as-

sumed to be_stationary as far as flow (F) and volume (V) are .



concerned. For the tracer used there afe no infinite pools
(or metabolization), often referred to as "sinks", within
the system. _There‘is a single 1hput artery, and a single

output vein.

If a quantity Q of the tracgr 1s injected at time = 0 1n

the system thrbﬁgh the input artery, the amount of tracer
leaving the_system per unit of time, at time t,; through the
output véih is}'_ | | |
~ Fe(t),

where F 1s thelcarrier flow, and c(t) the concentration of
the tracer invthe carrier at the output, at'timé t.

In the absence of recirculation h(t) is defined as

n(t) = B8

ahd represents the fraction of the 1nJected amount'(Q) leav;
ing at time t, pef,unit of time, or alternatively, the frac-
tidn of the tracer having a tfansit'time.t.

.From-the,precedihg,(thé absence of infinite pools) it
follows that ' |

' J[ h(t)dt =1
o
Furthermdre, by definition the mean transit time is given by

'€.=\/;t h(t) dt = V/F

In the preSence'of recirculation h(t) cannot be determined

directly..
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B. The Experimental Determination of h(t)

1. External detection

The defining equation for h(t) can be rewritten as
Qh(t) = Fe(t)

and since the flow 1s constant, and there are no infinite

Ffmc(t)dt
0

Therefbre;,h(t) can be determined from the venous concentra-

pools

i

Q

tion of the tracer (c(t)) as follows

h(t) = ol®) |
o _} ~e(t)dt
o .
The venous eOhcentration c(t) could be determined directly by
blood sampling, but fast and accurate blood sampling presents
ite owhvdifficulties, even if in the final analysis it leads
to more'accurate couhting._ |
Externai detection is more convenient. 1In general ex-
ternal detection 1s used topically: the detector is so placed
that the orgén is in its field. The detected value 1is there-
fore not Fc(t), but q(t), which is the amount remaining in.
the organ. o
If one defines H(t) as:

H(t) = JCth('r)d'r

then, barring reeirculation, q(t) 1s necessarily defined as

q(t) = (1-H(t)).Q



However, the detecting system yilelds count rates cer(t) which
are only proportional to q(t) | |
cr(t) = y.q(t)
where y is the yield, or counting efficienéy. The counter
efficiehby depends on_the inherent chéracteristics of the
" counter, which are invariant in time, but‘also on the geo-
metrical relatioﬁ between the tracer and- the counter, and
the absorbing medium between them. Those iast factors may
éhange asvthe trécer flows through the organ, unless the'

counting efficiency is uniform for tracer elements localized

at different points in the organ, or if the tracer distribu- -

tion 1s homogeneous at-all times. If not, we have the rela-
tion
er(t) = y(t).q(t)

'but since no localization information is independently given,

- y(t) is unknown. Topical external detection is nevertheless

frequently_used;“

Although nobody claims a uniform efficiency of‘counting

for tracer elements localized in different points of the sys-

tem, many people assume that the claim to homogeheity can - be

satisfled to some extent. The basls fofvit is dichotomous.
:First, they do restrict'the.system to that part of-brgan or
fissUe that the.detector_effectively sees, normalizing the
injected dose by using the zero‘intercept. Secondly, they

assume that - 1n compartmental terms - the compartments are

geometrically 1ntermixed, so that globally no compartment is

‘better seen than any other. Hence, since q(t) is a linear




combination of the amounts qj(t) in the different compart-

ments, 1t 1s assumed that

cr(t) = ya(t) =Z v qi(t)
o 1=1
Indeed, since the counting efficiency 1s assumed to be the
same for all compartments,‘y becomes 1n§ar1ant in time, since
the tracer can only go from one compartment to another.

The first assumption is fair only if 1t canlbe shown
that a large fraction of the tracer detected 1s not traéer
going to - and coming back from - a‘disﬁal part of the organ
not seen by the detector. |

~ As for the second, sound as it may appear, it impiicit—
iy restricts all the ?nformation to the visible part of the
organ, since one cannot by any stretch of the imagination
accept that any other region of the same.organ has exactly
lthé samé compartments in exactly the same broportion.v

From.C. T. Schmidt's'microsphere experiments (1972) the
lack of homogeneity of thé hind limb of a dog is undeniable.
’wé also believe that some of the lack of correlation between
vclinical.status and Xenon washout after 1ntramuscular injec-
tion derives from thé lack of representability of the "vis-
ualizgd" ﬁegion, besides}the fact that the volume injected
1nf1uences the washout.

In short, the homogeneity assumption is not without
problems, and therefore external defegtion of the injected
reglon has some objections. Immediately 1t should bevpoint-

ed out that detecting systems with more homogeneous response



as a function_of’gedmetry can be considered, and that there-
fore the femarks we made may prove to be relevant only in a
.strict technical sense. | | |

We will use external detection to determine the output
function},by meésufing the dount rates over the efferént’
vein. The'homogeneity prbblem iS'resolved_in this Way, but

the problem of reclirculation remains."Indeed, if the exter-

“nal detector‘"sees" the output vein, the count rate detected

is proportional to_the activity in the Qéin, or

er(t) = y.Fe(t)
Since the vein has a unlique location, and sincé within the
vein the chcentréﬁion can be considered homogeneous,‘y is
time invariant. However, the relation between Fc(t) and h(t)
is direct:only if there is no recirculation.v-

2. The Recirculation

If the output function of a tracer can be used to de-
rivé some important physiological parameters (and this still
remains to be proven), the determination ifself depends in
nearly all_bases on the absence of reciréulation, or some
 computationa1 means to account for recirculation.

Dobson introduced the correction for recirculation from
the data collected over the non-injected paired organ. Thiék
methddvcan be used only if such an organ'ékists. Even.fbr
organs which obviously seem paired, like limbs, the pres- |
'ence of pathology 1is a problem since the pathology often is
not symmetrical.

The alternétivg'approach is the separate evaluation of




the pecirculation. The theory will be discussed in Chapter
I, Section 3, the application in Chapter III.

It is sufficient to say that 1f blood sampling is the
method used, recirculation can be taken into account with a
single ihjection if there 1s a‘single input artery;vand'a
single output vein, by sampling both. As we shall Show,
there is a way to detect externally the_activity in the vein,
bﬁt the anatomical structure of blood supply does not allow
separate_extéfnal detection of venous and arterial blood
__ébncentration SO that a double injection technique_wili}be
needed. |

3. The Noise

At this'point we have not yet discussed in what way the
output functions (corrected for recirculation) will be ana-
-lyzed, and what parameters are golng to be determined. The
only suggestion_has been that the bypass flow and the turn-
over of tracer diffused into the tissue are the values of
importance. |

_Noise is inherent in external detection, as in any ex-
perimental data. Besides the randomness of radioactive>de—
cay, one has to cope with small instrument drift, mobility of
the subject, cosmic rays or background noise, all to varying
v degrees. The different corrections applied to the raw data
~(cpm) for background and recirculation all tend to_enlafge
the relative noise.

It is the noise, then, that will partly determine the

level of'sophistication,that can be reached’'in the analysls



of the data, but not exclusively the nolse. Obviously the

fitting'is depéndent on the model. The combination of noisé

and model bias are the final restricting factors. It is for
this reason that we will discuss different models, with vary-

ying degrees of sophistication.

C. The Distribution Volumes and h(t)
The function h(t), like T, is determined by the flow of

carrier and the virtual distribution volume of the tracer.

Two tracers having the same distribution volume in blood and _

plasma, may have a different distribution volume in the ex-
- travascular Space. Both Nat and colloidél particles are.
‘plasma tracers, but the colloildal tracer does not’diffuse td
the interstitial space, Nat does. Hence, although for both
tracers F_is the same, V is not, and their mean transit |
times, as well as their density function of transit times,
‘will be different. |

However, if there 1s a vascular bed where anatomical or
structural factoré preveht Na+ from diffusing from the plas-
ma to the'interstitial space, the distribution volume of Na*,
1with1n,that vascular system, 1s per force reduced to the
‘plasma volume, and hence, for that vascular bed, the density
~function of transit times of'Na+vwou1d be. identical to that
of the colloid. |

We will show that in this case the same applies to ény

tracer, even 1f its distribution volume 1s blood (instead of

plasma), to the extent that there 1s no significant differ-

ence between blood and plasma linear velocity.
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We will define n(t) as the density function of transit
times for a tracer without extravascular distribution volume
(a non-diffusable tracer) and d(t) as the density function

of transit times for a tracer with an extravascular distri-

bution volume (the diffusable tracer). Furthermore, we will

conslder a case where the flow of carrier F is divided along
two pathways: (1l-a)F goes thfough a vascular network where
diffusion, even for'the diffusable tracér, 1s impossible:
(1-a)F 1s bypass flow; oF 1s tissue perfusion (0 < a < 1).
In general then, since the tracer is divided as the
flow, one has |
| h(t) = (1-a)hy(t) + @ hp(t)
where hj(t) is the density function of transit times through
the bypass pathway, hz(t) through the perfusion pathway.
In the same way for our two tracers we have

n(t)

!

(1-a)ny(t) + o ne(t)
(1-a)d;(t) + a d,(t)

a(t)

‘where nj(t) and d;(t) are analogous to h;(t), and no(t) and

}d2(t) are analogous to ho(t).

However, slince in the bypass pathway both tracers have

the same (distribution volume/carrier flow) ratio, one can

-show that nj;(t) = d;(t). On the other hand, it 1s not at all

- obvious to what extent ny(t) will be reflected in dp(t). We

wlll show that it 1s, but that resolution 1s not possible
within the precision limits of our method.
v At any rate, if, as we shall see, tissue perfusion 1is

related to extravascular turnover, then d(t) as a whole does
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not refléct-tissﬁe turnover. Hence, one needs to use a non-
diffusable tracer to determine n(t), and so eventually de-

rive do(t) from d(t).

D. Physiological Definition of Tissue Perfusion and Bypass
Flow | |

Tissue pérfusion, as opposed to blood flow, is defined
as the'flow of blood to a tissue which effectively contrib-
~utes to'the metabolic needs of the tissue. This definition
follows from .the realization that a fraction of the blood
flow doesvnot contribute to the metabolic needs of the tis-
sue., This fraction is the bypass flow.

The distinction however is not absolute, To be precise
the definitionvneeds to be gilven for each metabolic subétance
specificallyt the flow is bypass flow for a given substance;
if at no place between arteriole and venule the substance can
diffuse from blood to tiésue, or vicé versa.

In an attempt to generalize, the concepts of the freely

Fdiffusable tracer and the non-permeable membrane are intro-
duced. The membréne 1s localized between blood and tissue.
It is not neceésary'at this point to assume anything but the
following: the vascular wall of the big vessels (arteries -
and velns) are non-permeable membranes. The capilléry walls
are permeable, It 1is possible, but not necessary for our -

'purpose, to allow for the possibility that some specialized

vessels responsible for the bypass flow;‘have non-permeable
~walls, in the same sense as the big vessel walls are non-per-

meable. A freely diffusable tracer or substance is a tracer
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(or Substauce) that 1s not prevented by 1ts néture from dif-
fusing through the‘so-defined permeable vascular membranes.

In the extravascular space the cell membranes represent
the néxt obstacle. From the preceding it does not follow
that a freely diffusable tracer will pass the cell membrane.
Dependihg on whéther it does 1t or not, its extravascular
distribution volume 1s the 1nterstitial space and the intra-
cellular space or the interstitial space alone.

It follows then that ih the evaluation of tissue per-
fuslon the vélue to determine 1s the extravascular turnover
(or washout) of a freely diffusable tracer or substance.
Siﬁce diffusion and equllibrium concentration are not the
same for all substances, a unique tracer would not be suffi-
cient to evaluate to what extent the transport of any diffus-
able substance is adequate. On the other haﬁd, since from
one physlological state to another it is unrealistic to ex-
pect chahges in diffusion rate or equilibrium concentration
rather than flow changes, unless enough time elapsed for
gross structural changes,.it can generally be stated that
short ferm changes in the turnover of any diffusable tracér
reflect changes in the turnover of any diffusable substance;
irrespective of all other assumptions, except for tracer spe-
cific changes in cell membrane permeability.

. The statement becomés even more general 1f one can as-
sume the behavior of the tracer to be flow-limited and not
diffusion limited. The modalities by which a substance 1is
flow limited may differ, but empirically the definition 1is
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unambiguOus. When bypass flow is accounted for, if the
ﬁashout of a tfacer or substance 1is lineariy reléted to the
" flow, one has a "flow limitation" situation. |

| In that case, the behavior of a diffusable tracer is
indicatibe of the flow and the volumes perfused; with the

understanding that the flow 1s not separated from the vol-

umes by'a barrier which restricts the traéer's diffusion (by-.

pass flow).

| This lastlpoint must be carefully exémined. Indeed, if
a large fraction of the flow is separated ffom the tissues,
in_the sense that no diffusion is possible, for all praéti—
ca;.purposes, a large fraction of a tracer originally in the
plasma or blood_does not act as a diffﬁsable substance, and

therefore the first statement - that the tissue perfusion can

be evaluated by determining the turnover rate of the tracer -

fails to be true. Since a fraction of thevtracer never left

the plasma (or blood) its turnover is deﬁendent only on plas-
“ma or blood turnover. If the tracer was originally in the
tissues, the tracer turnover is independent of the bypass
flow. |

The possible importance of the bypass fraction of the

flow should not be underestimated. Manifestly it contributes

to the heart's work, without direct benefit to the extravas-
cular turnover'of metabolic substances. This contribution is
even more important'if the regulation of ﬁhe bypass flow re-
flects itsélfvin the peripheral resistance, and hence thé

.preséure the heart has to overcome to open the aortic valves.

wn
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Furthérmore, we feel that 1f bypasa flow is a process
happening in a parallel circuilt, it.may provide the central
ciréulation With a regulating mechanism disspciated from the
’autoregulation based on tlssue beeds, so that the central
,circulatioh can be maintained independently of the tiséue
.needs in extreme cases. _

It seems, therefore, that the bypassvflow may not only
be a factor complicating the evaluation of tissue perfusion,
but may also be an important parameter of the circulatory
‘>status.

It is clear.Wby we do not consider inﬁravascular turn-
ovar, as such,,of primary importance in the local circula-.
tion, since because of the bypass factor, tissue perfusion
is to some extent independent'of the global intravascular
turnover,a.

: There may be some obJectiohs to the assumption that the
turnover of difosable tracers like Na and inert gases is
flow limited. 1If the density of the capiilaries in any'tis-
sue is low, instant equilibration becomes unlikely, and dif-
fgsion more important. . In that case, 1f an increase in flow
is assoclated with the opening of more capillaries, one has
' seemingly'a situation of flow limitation (as empirically de-
fined) when in fact the changés are due to a shift from more
to less difquion limitation. It is for this reason that we
vchoose Xenon as the diffusable tracér, since Jones (1950)
was able to demonstrate that the turnover of 1nert gases is

not diffusion limited.
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CHAPTER I: TISSUE PERFUSION

Section 1. The local blood flow regulation

Since the aim of thils study 1s to develop a method to
quantitate local blbod flow and tissue peffusion - the lat-
ter one being the functioﬁ limiting exchange of metabolites
at the tissular level - a brief discussion of the relation-
ship of local flow and tissue needs is in order. But the
local circulation, although it has been studied éxténsively
as such,'is not necessafily independent of the global circu-
lation, or central circulation. On the other hand, it seems
that for the largest part the central circulation has its
proper regulation mechanism: endocrinological, neurogenic
and the intrinsic regulation mechanism of the heart (Star-
ling's law). Volume, osmolarity and flow are well controlled
through the combined action of baroreceptors, osmoreceptors,
the angiotensine—renin system, the central venous filling,_
the hypophysial and adrenal hormones. To that extent, the
~central circulation is not exclusively dependent on the com-
bined.effect‘of all the local circulation systems.

As we shall see, lqcal circulation systems haveva pro-.
nounced autoregulation mechanism. In 1lntact animals itlis
nof possiblé to demonstrate that the geﬁeral autoregulation -
of the central circulation is secondary to the local ones.‘
' Teleologically speaking, this is to be expected, since even
ét a moment where all the metabolic needs of the tissues are
satisfled, blood has to flow, and the central vascular sys-

~tem has to remain well filled.
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This is not to say that the centrai circulation is
separate from the local ones as far as reguiation goes.,
The arterial pressure is maintained against a peripheral
resistance primarily located at the arteriolar and capillary
level.(Rodbar 1971). In decerebrated, and despinalized
dogs, Coleman (1969) and Guyton (1971) have shown that an
initial increase in cardlac output leads to autoreguiation
of flow by an increase of peripheral resistance, leadlng to
a residual hypertension, while subsequently the cardiac out-
put 1s decreased to near normal levels, due to a decreased

venous return. They postulate this to be the mechanism of

some types of hypertension. Julius (1971) finds indeed,

- that 1if patients with borderline hypertension tend to have

an increased cardiac output, the hypertension remains, even

when the cardlac output is brought below normal with a com-

" bination of atropine and propanolol. That the primary event

- 1s an increase in cardiac output, followed by a peripheral

autoregulative increase 1n resistance 1s not generally ac-

cepted. Byrom (1954) found that in hypertensive rats the

arterial pattern consists of segments Qf arteries showing

intense vasoconstriction, alternating with overdistended di-
lated segments, resembling a string of sausages. Hill (1970,

1968) believes that in steroid hypertension the primary les-

1on, prior to hypertension is a muscular lesion, provoking

overextension in passive dilations of the vascular wall.
Sodium intoxlcation of the smooth muscle would be the cause.

Hence, there is no direct, unequivocal evidence, that the
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local autoregulation mechanisms reflect themselves pro-

foundly 1n the general circulation.

However, the local circulation seems to be maintained

to a very large extent independently of the general circu;
lation.” On the local level aﬁtoregulation, and adaptation
to local metabolic needs, are very well documented.

There are two main schools of thought, but.they do not
exclude each other. The main differencé, on a functional
level, lies in the fact that in one case the regulation of
the flow is essentially capillar, and depends on tissue
pressure vs. intravascular pressure, whlle in the other case
tHe mechanism is localized at the arteridlar, and to some
extent venular level, and the mediator is metaboliec. Scott
(1968) and Haddy (1968) have extensively reviewed the chem-
i1cal medliators responsible for reactive (post-occlusion) and
active (during contraction) muscle hyperaemia. Oxygen ten-
sion, HT, pCOp, pdtassium, adenosine and adenosine nucleo-
tides, have all been mentioned.

PH increase provokes arteriolar constrictions; a de-
crease causes arteriolar dilation. But the direct effect 6f
‘the blood pH can be doubted. 1Indeed, in the muscle of the .
human forearm, Kontos (1971).f1nds pCOo to be more important
than pH, suggésting that an intracellular pH decrease in the
smooth muscle of the arteriole is the main factor. However,
- an Alkﬁline Amine buffer (tromethamine) inhibits the effect
of hypercapnia more in reactive than in active hyperaemia.

Thureau (1971) found that in the brain a decrease of blood .
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pH with ammonium chloride, with a constant pCO» does not
dilate the arterioles, however direct application of an acid
solutibn to the tissués surrounding fhe arterlolar walls
provokes dilation. He speculates that ﬁhe mechanism is
tfiggered by intracellular pH decrease, and that the extra-
cellular fluid pPH follows the metabolic state of the nerve
cells. A definite exception seems to be the kidney, where
the basal state seems to be maximal dilation, and pCO, in-
crease has no effect. In this organ the regulation of flow
is governed by the juxtaglomerular apparatus with the renin-
angiotensin system. Furthermore, the changes in arteriolar
résistancé seem dependent on the glomerular filtrates. He

suggests that the macula densa cells transmit information

~about the composition of the tubular fluid to the Jjuxtaglo-

merular cells in the walls of the glomerular arterioles.

That the kidney appears to be exceptional regarding local
regulation, 1is consistent with the fact that it is part of

the primary regulation system of the central circulation.

It 1s interesting to note that in coronary vessels and mus-

cle arterioles, while pCOsp has a marked effect on the vascu-
lar tone, pOs decrease has an effect only below 40 mm Hg.
Dougherty (1967) considers this as evidence that those sub-
étances act on a different system of autoregulation.

Rodbér, in a general discussion of the resistance_&es-

sels (1971) pointed out that if the agents of autoregulation

~are metabollc substances, theoretically one would expect

thelr effect on the distal end of the local vessels. Of
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course;'thiS'is, to some extent, a Semanfic misconception;‘
éince alltmicfoVessels do not run parallel. Interestingly

‘enough however, Duhling (1970, 1971) demonstrated a longi-
tudinal POy gradient 1n the wall of the arterioles, depen-
ding on the tissue ¢onsumption of oxygen. He also found the
oxygen saturation of hemoglobin to be about 65% at the entry
of capillaries, even when the central arterial saturation
level was higher than 95%. If necessary, this would, at
least for the oxygen, answer Rodbar's objection.

The role ofvadenosine, and the adenosine nucleotides
have beeh extensively studied. Bern (197i) finds adenosine
td be a potent dilator of the coronary resistance vessels,

~and during cardiac.hypoxia, the interstitial adenosine lev-
els are high enough to account for the decrease in resis-
tance. In skeletal muscle during exercise or hYpoxia the

tissue levels of adenosine increase slightly, but the venous

1ncfease is marked. In nelther case didvhe find an increase'

in ATP, ADP or AMP.

Hilton (1971) could pinpoint the specificity of the ac-
tion of phosphates.even more: The soleus musclevof the éat‘
shows no active hyperaemia, even at very high frequency con;
traction rates, although 1ts resistance vessels have a good_
tone and can be dilated. Furthermore, no increase of plas-
ma phosphates can be demonstrated. In fast muscles however,
there 1is active hyperaemia, and an 1ncrease in phosphates;
finally, if phosphates are perfused through the soleus mus-

cle, there 1s hyperaemla.
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Potassium and magnesium ions have also been assoclated:

with the local regulation of blood flow. Kelburn ({1966)

_'demonstrated the muscular origin of the elevated potassium

levels found in the effluent plasma after exercise. Reduc-
tion in extracellular potassium provokés arteriolar con-

strictibn, a slight increase provokes dilation, and is an-

- tagonistic to the'constrictivé effect of_levarterenol,

while a large increase produces contraction of the large ar-
teries (Scdtt 1968) . | )
Osmolarity in the effluent blood has been found to in-

crease in active but not in reacti?e hyperaemia (Scott 1970,
1971) but when infused; hyperosmolar solutions have only
transient effects on the peripheral fesistance (Stainsby
1971).'-Furthermore, it does not seem that only one agent
can possibly be "the" agent. Mellander (1971) proposes that

changes in osmolarity have an effect on the pacemaker activ-

1ty of the smooth muscle cells by changihg the membrane
. 1lonic concentration gradients. Skinner (1967a-b, 1971)

. found, with infusion experimehts, maximal‘effect with a com-

binationxof hypoxia, osmolarity 1ncrease,'and hyperkallaemia,

 wh1le_any of those agents alonelhas minimal effect.

Obviously no single agent can be considered as princi-

pal in the autoregulation. The main'point, however, 1s that

there 1s'a chemical medlator, or a combination of chemical
medilators, which are found to appear during occlusion hyper-
aemia,’or active hyperaemia.v Haddy (1971) and Scott (1965)

démonstratedvthis with a bloassay, where an organ was per-
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fused with the effluent from the treated organ. They found
that oxygen (within the range they tested), histamine and
ecetylcholine were not thevfactors;

But the regulatory mechanism need not be exclusively
localized at the arteriolar (or Venular) level. The capil-
lary unit itself presents some autoregulatory features.

The main feature here is the movement of fluid through the
capillary membrane. Guyton (1966) confirmed with direct
microscoplc measurements that the interstitial fluid pres-
sure affects this movement to a great extent, as predicted
by'Starling. There are, besides the capillary permeability,
four important velues: the interstitial_pressure, the cap-
iilary pressure, the plasma and interstitial colloid bres—
sure. He finds that transcapillary transduction is more in-
flueneed by interstitial fluid pressure increase than by an
identical venﬁlar pressure increase. A very importanﬁ as-
pect of Guyton's work (1963) is that he fiﬁds the mean in-
terstitial pressure to be negative. To explain this one has
to assume‘that the precapillary arterioles or precapillary
sphincters are closed most of the time. Not all authors ac-
cept this_negative tissue pressure however, and in general,
it is foend that the autoregulation at the capillary levei
is due to positive tissue pressure, - |

Beer (1971) and Rodbar (1971b) propose essentlally the
~same mechanism, The first Qbservation 1s that most tissues
are capsular at the mieroscopic level and the macroscopie

llevel. They define a capillary unit, the capillaron, as a
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capiliary (or a few capillaries) connected to an arteriole
and a venule, and surrounded by 1ts own tissue, which 1s

contained into a capsule, The capsule has some limited

compliance. As the pressure on the arteriolaf side is high,

fluid passes through the capilllary wall into the extravas-

cular space. As the interstitial volume increases, the ex-

‘travascular pressure becomes larger than the intravascular

pressure and the capillary collapses. Distal to the‘col—
lapse, on'the.venular end, the pressure is‘now equal to the
venous preséure; and fluid goes from the interstitial space
to the venule. ‘

. The merit of this model would lie in the fact that it
explalins post-occlusion hyperaemia (where at the end of the
ocelusion the interstitial pressure is very low), the lack

of reactive hyperaemia after venous occlusion (high inter-

stitial préssure), and the inhibition of postarterial-occlu-

sion hyperaemia when the artery‘is slowly opened (since there
the rise in intravascular pressure is closely'followed by a
rise 1in interstitial pressure).

Active hyperaemia 1s then partially explained by assum-

- ing, at least for muscles, that\exerCise enhances lymph flow

and tehds to decréase the Interstitial mean pressure. It is

interesting to>note that Hinshaw's (1971) measures of tissue

_ pressure in the kidney during post-occlusion hyperaemia, or

'autoregulation; are conslstent with this hypothesis.

On the other hand, although this model has been vindi-

cated by observation and simulation (Beer 1971), no one
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'claimS'that it is"the:only mechanism, or that it explains'
_everything. o

| _If one considers the fact that by Poiseuille's law that
the flow F 1s proportional to the pressure gradient AP and
the fourth power of the radius r, while inversely proportion—
al to the length over which the pressure gradient exists,
(FQLAPrf/l 1t 1is apparent that to monitor-a constant flow
- against changes-of_pressure, a uery'fine regulation of the
'Vesselis diameter is needed,, Furthermore, if the vessel has
‘some compliance, as does the capillary, an increase in pres-
sure would actually.increase the radius (until extravascu-
lar pressure has equilibrated), while if there is a contrac-
” tile mechanism.in the vessel wall, the'changes in lumen di-
ameter‘will'be different from the changes 1n outside diam-
eter; due to the folding of the endothelial layer. Further-
more, contractile vessels are essentially'unstable, and tend
to be: open or closed. Thus, even if the term "critical”

pressure i1s ill-chosen,; since the closing pressure depends

‘on the interstitial pressure also, Olson's (1969) thesis that

capillarieS'are‘alternately opened and closed and that thus
“the autoregulation, the pressure and flow are in fact deter-’
mined more by the number of open elements, than by their ra-
dius, is indeed reasonable.

In this brief discussion of the local. regulation of
gblood flow we did not yet discuss the presence of arteriolar-
venous shunts, or bypass vessels. The reason isvthat bypass

‘.isua functional concept, having to do with exchange, and that
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.'cthe problem can better be evaluated after the 1ntroduction
Nof the tracer kinetics methods (next sections). However, as-
”suming that bypass vessels do exlist, one expects them to be
-controlled by general mechanisms. This 1s indeed what has
'been observed in muscle, where blood flow, not tissue perfu-
~sion, 1ncreases in athletes before the-exercise (Freedman

1966) It has been shown that during exercise the oxygen

ineed is. satlsfied by increased blood flow rather than by in-

creased desaturation in venous blood (Kontos 1966)

The whole body of evidence related here 1ndicates that

- local blood flow is regulated by the status of the perfused

.tissues.7 This-regulation 1s very much independent of the

general circulatory'status; One cannot.therefore predict

'nfrom'changes invcardiac output andiarterial pressure what the

tissuedperfusionfchanges_will be. Treatmentsbwhichvare.knownzﬁ

to influence the central circulatory status may do'so with
vminimal tissue perfusion changes in any organ. Indeed, the
 global effectfdetected‘is the sum total of the peripheral

‘flous=and resistances..'Part of this may be at'thefbypass

ucircuit level Therefore evaluation of a treatment should be
done at the local tissue perfusion level, and should include
more. than simple flow ‘and pressure evaluation in the big ves-

'_sels. Furthermore, if one assumes indeed that local}flow is

".ytaUtoregulated‘locally, as a function of tissue metabolism,

then subliminarhpathology might be reflected in a decrease
- in local reactivity, long before actual ”decompensation""

ocecurs. v o ‘ .
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This has_one very 1mportant-pract1¢a1 implication,
sihce a first detérmination of bypass flow and the mean
tfahsit times show a large variation between individual
énimals;~but the changes under "treatment" within any sin-.
gié "normal" animal are distinctive and consistent in their
.general trend.

If speclalized shuhts do exist, one expects them to be
one Of the first meghanisms called upon when increased tis-
sue perfusion is needed. There lies the importance of by-
pass determination. On top of that, to the extent that mi-
~croscopic flow redistribution 1s important 1n autoregulé—
tion, exclusive local monitoring may be,uﬁrepresentative.

- This will be discussed in Chapter V, when the results of

some experiments are presented.

Section 2. Tracer theory for flow and volume determinatiobs

| To evaluate the circglation or the tissue perfusion
status of an organ one obviously needs a non-destructive
method, at least 1f subsequent measdfes after "treatment"
are needed, andvin any case 1f the method 1s to be applied.
to patieht evaluétion. It i1s also obvious that the measure
Aitself should not disturb the system. This may well be the
main aavantage of trécer kinetics studies.' A true tracer,
pesides the fact that its behavior 1s in all measured ways
identical to that of the traced substance, is also, by defi;
nition, introduced into the system in such small amounts,
that the mass of the system does not change.

The main problem of tracer kinetics however resides in



the “globalityf.df'the:information. It may well be that
the measnred:yalne i1s so global that all information_about
.the mechanism'leading to the result‘is.lost. However, if a
vmodel is-postulated; the potential information becomes .
‘”1arger“as.thevcompleXity of the model increases, while on
the other hand nodel blas becomes eVentually harder to de-
'tect;itheusolutions-become’less uhique; and the derived val-
ues may be entirely irrelevant to the biological system.
e In what follows we will briefly review the different
rlmethods of analysis used in the estimation of blood flow
| and/or tissue perfusion. |
| Meier and Zierler (1954) defined the: general form of
vHamilton's (1932) dye dilution theory. Their derivation is
certainly the most general, ‘and yields the most global re-
-vsults,y The- basic assumptlons are as follows-
| l.vstationarity of flow andvvolume during the time of
:the experiment._ | | v | | -
2. The flon of particles is representative of the flow
1of fluid.
3 The system has no stagnant pool
4 There 1s no recirculation.
' Condition 1 however 1is not restrictive enough. Later
'3(1961) Zierler points out that the whole system must be sta-
:tionary. ‘In other words, the behavior of a particle must be
.f.;entirely independent of its introduction time. This however
| is not strictly true in general A periodical_opening.and’.

.closing of precapillary-sphincters has been postulated or
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described (Guyton 1963; Zweifach, B.W. 1954; Nicoll, P.A.
and Webb, R.L. 1955). That this phenbmenon excludes the
use of Zierler's model 1s unlikely, and has not been noted.
It may,howevervbe an argument in favor of continﬁous infu-
sion techniques (see later).

Condition 2 may be too restrictive. The tracer is al-
ways representative of the volume it occupies. Generalliza-
tion is obtained by introducing the concept'of virtual vol-
umes. If at equilibrium the concentration of a tracer in a
volume V3 is found to be Cq, then any unsampled compartment
vi_is defined as having a volume Vi = Qi/cy, where Qi 1s ﬁhe
aﬁdunt of tracer in compartment i. This is no more than
Kety's (1949).re1ation between tissue volume and tracer vol-
-umé,.with the-difference that Kety considers a single com-
partment, combihihg plésma and tissue. Of course, 1n any
biologicai system condition 4 is essentially néver satis-
fied, and réciréulation_will probably have to be accounted
for (see later). |

The main point of the derivation 1s that if an amount Q
of tracer is'injected,-it has to come out between t = 0 (in-
jection time)vand‘t = w, since there are no stagnant pools.

If one groups the tracer elements by their appearance time
-during'each interval t + dt, the éﬁountvof tracer leaving
the system is Qh(t)dt. Since'flow and volume are Stationary,
if there is a single output vessel, the concentration,'c(t),

1in that vessel at the output, as a function of time 1is

c(t) .—:&h_(_t_). *

F ('1.1)
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.Obviously then the following relations hold

\/\wh(t)dt =_i (1.2)
_ :%C‘C(t)qt = Q | ) (1.3)
“h(t) oot - - (1.%)

QJF:(t)dt
o

. The observed value 1s, Lf one samples at the single output
velin, yc(t), where y is a fraction due to ceunter efficilency
and; eventually,fthe fact that samples are taken from the
~ output vein. 'Since'in Eq.(1.4) y would appear in both numer-
ator and denominatOr,_it is easy to define h(t).

The next argument is that if one groups the tracer ele-
ments leaving at ‘time t + dt, they do represent a volume ele-

ment given by ° ' v o
L 4V = tFh(t)dt . | | (1.5)

HTherefore_
: B v = TF | | | (1.6)
Once again we:have tovemphaSize that the volume 1is virtUal,
andnthat‘up to“here:the derivation applies regardless of the
distributionvvolume.of the tracer. Nothing Qas said about |
“the shape'Ofln(t), which has been defined by different auév
‘tnqrs Qn.dlfferent grounds' (Dobson, 1957;‘Ingvar, 1962; Bas-
singhwaight,'1966a-b;‘coresky, 1970; Perl 1968). |

If tne 1n§ut functlon is not a delta function (spikerin-
Jection), but is 1(t), then the resulting output function

g(t) is defined as
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(e = [ uennes | BN )

o
If the infusion 1is constant I, then
Ig(t) = If h(t)d (1.8)
T o . |

and the concéntration at the output point

I

E(t) %Jcthvddt | 'v‘.(1.9)

or | |

c(w) = I/F

The relation between the output function (Meyer 1959; Zier-
ler 1965) in cases of delta function injections; ahd the a-

moﬁnt of tracer remaining in the systems g(t) follows easily
t
- qt) = [1 —‘/‘ h(r)dT]Q - (1.10)
v ‘ ° -
therefore

];@q(_t)'d.t =];°° [1 —foth(%_)dr]Q-dfc

- [ 11 - H(t)Joat
“Jo S

[t[l - H(t)] |: +fo°°_th‘(t)dt]Q

[o +IF}Q-

and therefore

. f “a(t)dt | -
. °Q =% - | (1.11)

However, and this is a point that the author fails to make,
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, it is indeed very difficult to count q(t) with a propor-
tionality constant k invariant in time.

This model has been applied with different variations.
'Zierler (1965) discusses the method where one combines ex-
‘ternal monitoring to determine q(t) and blood. sampling to
;»define c(t) It 1is obvious that v v
| vq(t) —.—Fc(t) o (1.a2)

'f;However, q(t) and c(t) ‘are not measured experimentally in'
_the differential sense as implied above. The measured val-

ues, since counting takes a finite time, are
t+dt, ‘ t+dt o -
sa(t) - ft d(x)as - ft o(v)ar  (1.13)

"sIf”Both*the'arterial‘cA(t)’and venousrcv(t)-concentrations
are followed when the inJection is not a delta function in-

' Jection.
' t+dt , '
ea(s) = Ff lea(n) - ey(myar (1.14)

whichcisjthe eQuation used by Lewis (1960) tohdetermine'
,blood.flow to:the,brain.~ The.condition of course is that
.during the'time-of integration t to t+dt F be constant.

h Whether one uses Eq. (l 13) or (l 14) the problem of
j_counting efficiency 1s the- most difficult , Furthermore, if
"the integration time is short the error due to the time
'spent by the tracer between the system and the sampling sitey
gbecomes important

For compartmental analysis one supplementary assumption
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1s made{ distfib@fion volumes of the traéer can be distin-
guiShed in which the probability for any tracer elemenf to
leave tﬁe Volume ié time invariant.

This.firét éfdér process mode of analysls was firét in-
troduced by Kety (1949), and led quite naturally to the ex-
pression of‘flbw'as ml/100 gm/min. Kety, unlike many people
who used his analysis mefhod, did not in fact cléim that e-
quilibrium is necessarily reached from time 't =vaon. But
if it is feached; then ' |

q(t) = F(cy - cy)

assuming that at equilibrium the tissue + plasma mean concen-
tration ¢ = Acy, where A is the distribution coefficient be-

tween blood (or plasma) and tissue. If ¢, is zero then

4(t) = Fae) | (1.16)

where W-ié the tissue weight. Since Eq.(1.16) is a first or-
der linear differential equation, q(t) is an‘exponential funec-
tion, the'slope.of which 1s F/AW, a flovaer welght 1f A 1is }
1. Eq.(l,i6).is-lineaf only if A,IF and W are constant. If

equilibration is not immedlately reached, then

a(t) = - ¥ RTEy - At

But'equilibration:does not have to be reached to express t
as volume bf‘tissue/flow (Zierler 1965), and therefore al-
though the function q(t) cannot easily be defined as an ex-

ponential_unless‘equilibration is complete, t is always

v
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Idependent on ‘the distribution volume.

Tneeso-oalied mean transit time or integralrmethod 1s
therefore based on.a minimum of assumptions, and can be |
used to determine't} V/F, or by combination of external mon-
1toring and blood sampling both F and V. |

Since from those assumptions one cannot predict the
-shape of h(t ), recirculation if it appears much before h(t)
has reached zero 1s difficult to account for, although (see
next section) it can be done to some extent. Furthermore,

V as defined 1s somewhat obscure, V/F i1s an average value,
and notimany circulatory systems are well-defined by this
restricted number of parameters only |
' However the idea that one can distinguish different
'volumes with different flow rates follows logioally from the
‘Observation that.h(t) can be well-fitted by a sum of expo-
nentials. Using external monitoring, and intraarterial in-'
: jection of 2.“Na, Dobson (1957) presented a paper in which
‘h(t) is fitted by a_sum of 3 exponentials. The basic as-
sumption here_isvthat although there are three distinct per-
fused volumes in parallel, anatomically they are so well in-
termixed that_theiexternal detector counts the activity in
each of‘them with the same efficiency. The fitting function
he found was | _ |
a(t) = Q3 ay e-att (a7
i=1 : .
':The analysis 1is based on the following derivation:

Kety's prinoiple_applies to each of the compartments in
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which we define

q;(t) = tracer amount in compartment i

Fy = fldw through compartment i
Vi' = volume of compartment 1
Ay ¥_equilibration coefficient in compartment i

‘ Ci(t) = vendusf§oncentration in compartment 1
cvy(t) = venous,concentration at exit of compartment i

Vy = virﬁual volume of the tracer in compartment 1

We have théh v
a (t) = -F;Cvy | (1.18)
4y(t) = Tre
4 A
Cqy(t) = TF1oqy(t)
dy(t) = 7L qy(t) (1.19)
Vg : v
And so_if_thefe are 3 Compartments in parallel, the fitting

function is Eq. (1.17)

3 ¢
q(t) =Q = Ay e™3l
where :
: QAi = Qj_‘(o)
3 =Fy/Vy

However, the amount in each of the compartments is pro- 

portional to the relative flow to that compartment and the

injected amount Q, and hence
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SR Q. o (1.20)

To illustrate the fact that this is indeed a_mofe specific

caSe of Zierler's model we derive, using Eq. (1.11)

| [ q(t) at = Q f ZAje-ait (1.21)
ee - v 0 . .

4
1
Ml :
gl
o I
ol <
I

_ \

If in Zierléf's,model_changes in T can be caused by changes
either in F or V or both, Dobson's analysis - based on more
assumptions than[Zierler's - also permits more detailed
analysis.

From the:preceding-we have

Ay = bFi/ZFi , (1.20)
. Therefore

Qhy/ay P Vg 2Ry

J ‘ J
or . . »

e Lo .23

ZQAJ/aJ' ZVJ

This allowed the ‘author to demonstrate that adrenalin not
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only increases the flow to some of the compartments, but ..

increased also the relative volume of those compartments.

The effect of adrenalin is redistribution of flow, not only.

increase. This piece of information is not only interes—
v ting from a physiological viewpoint, but vindicates in our
'mind the use of tracers. '

on other grounds the model may be hard to defend.

Zierler, as we noted (1963), objects to the automatic use of

'exponentials as fitting functions, and deriving the model on

this grouno.' Dobsonvpoints out himself that the number_of
exponentials used 1s somewhat arbitrary.

The fact that QA1 = QFi/ZFi presents a technical prob-

lem. Poorly_perfused compartments are hard to detect, since

_they contain very little tracer. To circumvent this, all

'compartments can be prefilled to the same concentration-with

a continuous infusion up to t = 0 (Ingvar 1962). If A (the
_equilihration coefficient between blood and tissue) 1is the
same‘in ail compartments we have when the infusion stops,u
andibarring recirCulation,' |
. 44(t) = -PiCvy
and the solution,is,also o

 qua, et , o (1.28)

However

where C 1s'the uniform concentration reached at the end.of_
the infusion

ay ? Fi/Vy . | - : d'(1.26)

aap = oV | o (1.25)
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In this case the'information about volumes used by Dobson 1is
obviouély lost,-but poorly perfuéed compértmehts may be bet-
te'r.detect_’edf This loading technique was used by Jones
(1950) and allowed'him to’deteqt the poorly perfused body
fat. | o

Différenﬁ ways.of"méésuring can be used, and the des-
cribéd derivat;on qan élso be applied withvblood sampling.
| Shinohaya_(l969) uses fhe same model for the brain, using
.Hg'as tracer and_venous'hydrOgen detectors. Maseri des-
éribed in 1966_a technique for continuous monitoring of a
dye dilution curve, .Bingv(l964) also uses‘external detec-
tiéh, buﬁ with a positron annihilaﬁion coincidence technique,
in avstudy'of'cardiaC'blood flow. In this way some of the
problems,rsuch as scatter and collimation, are reéblved, but
fthé baSic,objécfions‘against local monitoring remain.

The first ordér process analysis led in time to a meth-
~od where the tracer 1s‘directly 1njected in the tissue (Las-l
sen 1964). Invﬁhis case Eq. (1.19) applies, but one can
‘alsoluse'the‘mbre general approadh and simply compute t as
in Eq;.(l.ll) (Holzman'l964). Lassen (1964a;b) assumes good
equilibration'éf the.tracervaround the injection'site, hop-

- 1ng that the»dilﬁtion volume ié indeed the muscle. Warner
et al~(1953)vfbund however that the washout rate is:a func-
tion'of the inJecﬁed'volume. They found that the time need-
ed for the activity to reach 50% of. the initial value can
vqu from 5 minvfbrro.Ol ml to 25 min for 1.0 ml. This mayv
be explained by diffusion limitation withln the l1lnjection
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bubble, and/or the ratio of volume/area of the bubble. Re--

.producibility in general 1is complicatedvby.the fact‘that

the trauma may vary,'as will the location of the injection |

‘relative to faeoia and muscle,
To eliminate trauma, Sejrsen (1969), in cutaneous per-

fusion studies, preloads the skin by diffusion, but this

- method has no_applioation beyond superficial tissues. It is

interestingathat_LaSSen in generalluses Values after'reac-v

tive hyperaemia, when flow is not stationary, in that case

&(t) = F(t) cv(t) (1.27)
oty = r(e) YL v - (1.27)"
Gen) = HE )

- I*_‘%l = J(Q'/Q)t - (1.28)

and is followed as a function of time. In this manner he

compared (FhNaVNa)t and (F/AxeVye)t where Ay Vy, are the dis-

tribution coefficlent and distribution volume for sodium,
' while,xxevxe are the same values, for Xenon. He found
(1964a) that at'higher flOerates sodium clearance is rela-

tively smaller than Xenon clearance, indlcating a more pro-

nounced diffusion limitation for sodium We’take exception -

to that argument' If there 1s indeed any diffusion limita-

tion, Eq. (r.27)! does not hold, and Q/Q, which is the meas-'

‘ured value does not yield F/A\V. 1In general however we do
“also aocept'thevhypothesis that diffusion limitation will be

more pronounced at higher flow rates if all other factors
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_,are_keptbconStantf_ This very important question uill be
‘dlscussed later, when the double circulation hypothesis is
considered | | |
| Besides the first order kinetics models, not many pre—
diCtiOﬂa'aS to the_shape of h(t) have been made, Strangely.
venough,ieVen when a first'order process seems unllkely on
theoretical grounds, a small series of exponentials have
been found to fit h(t) very well. In this way, by inJecting
sndvsampling at different sites of the central circulationb
Pearce,(l953) showed.that the density functions of transit
-times for the lungs is nearly exponential.VvBut this is con-
dtradiCted_by Parrish (1959) who found by.enalogue simulation
fitting, this function to follow a laminar flow model, not
| dissimilar to‘BASSinghQaight‘s’prediction (1966) .
i of all the shapes predicted for the density function of !
: transit times, the lagged (with a normal distributed time
delay convoluted on a single exponential) normal distribu-
stion as defined by Bassinghwaight (1966a-b), 1s the one that
:influenced-methods_and.thinking-most after the exponential
"model.. The retionale for Bassinghwaight's approéch 1s that
one expects a "normal"‘disperSion in tubularvvessels, due to
turbulencevand‘pulsative_flow, but in“cardiac,Chambers;'or
b_in any_intermediate,mixing volume, a first order process_is-‘u
xassuned..‘Hence'if,the normal is given by o

_._%.,-_(t--_te)2 -

Ke = o . (l 29)

the output function is defined by the following differential_
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equation

h(t) = Ke z(t te)2

There is no analytical closed expression for the solution
vof Eq (l 30), but it can be shown that

L Tete T | o (1.31)
and - that the variance 1is “

2
s +T

Section 3 Reoirculation

- At this point it is 1mportant to discuss recirculation.
'Indeed,_why_would one when using-the integral method find -

_an§ advantage in,defining the shape of h(t) a priori? . The

reason is obvious: h(t) cannot be measured directly. Before

_h(t) reaches its,endpoint, recirculation appears. The deri-
,vation,of h(t).can theoretically be done using the convolu-
tion theorem forilineanItransformationsf .Cne‘can use the

upstream downstream sampling method, and‘a‘singie iSotope
inJection, or a dual isotope inJection with single sampling
site (see Fig. 1). This last one 1s the method used by Ma—:
Sefi (1970); Isotope‘l:is injected upstream of the studied

organ, Isotopevzldownstream. The blood samples yield values

fespectively ol(t) and cy(t), both at the exlt of the organ;
aLet} | : | |
1(t) be the injection function _
v(t) the density function of transit times: in the gen- .

‘eral circulation

Loy <1_.3oi |

oy
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iFig,-l‘ Schematic representation of the dual isotope single

sampling site recirculation correction method

The first tracer is inJected upstream of the studied '
f'system whose density distribution of transit times is h(t)
“The second tracer is injected downstream, and behaves in the
general system (in which the system under study is 1ncluded)
sin‘such:a‘manner that at the sampling site one detects r(t).
CIf r(t) is continuous and has a finite integral in the space'
t =0 to t ; @ (t) can be isolated from h(t)*r(t) with a
_;linear operation. ’
| Alternatively it can be said that h(t) 1s found as. the
| '1nput function one needs to obtain the observed function
“:h(t)*r(t) at the_output of a system which ‘has an output
befunctionfr(t);when the input}function 1s a delta function.
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h(t)fthe density function of transit tlmes through the
' '_system -

* _:;represents the convolution operation
v:él(t).tht CUncentratlon of tracer 1 in the output vcln»
eéft)fthe concentration of tracer 2 1n the output vein.

"F - thevstationary'flow'f

R ey(8) = 1(8)*R(E) + 1(t)wh(5)wv(5)wh(t)

- o v_+'1(t)*h(t)*v(t)*h(t)*y(t)*h(t)
o . ..;e...;; | | ]
 Foeg(t) = L(t) + L(t)av(t)=h(t)

. E + 1(t)xv(t)xn(t)xv(t)*h(t)

.:Wehnbw definehthe'Laplace'transfbrﬁ,'syﬁbolically represen-i
1ted by the capital letter representing the origlnal func-

:- tion. In this way we find

(s)(s). Z (v(s)u(s))*
1(s). Z <V(s>H(s>>1

hF Ci(s)j

n

FCy(s)

| cl(s)/c2<s)-—H<s) I
. It is interesting to note that both. Cl(s) -and Ca(s),have the

term



which in fact is-the recirculation term. .

Rewriting the equations as

n

I(s).H(s) + I(s) H(S)Z(V(s) H(s))?

I(s) +'I(S‘)Z_(V('S)'-H(VS))1
' : 1 . _

,shows how after the first passege the system (with transit

..FCQ(S)

function h(t)) becomes part of the general system, which is
globally'described.by,a'transit-function r(t), representing
‘an infinity of'recirculation cycles, and whose Laplace

transform is

R(S) :2;:(V(S (S))

jTherefore, if i(t)_is a delta»function injection we now have

Fey(t) = h(t) + h(t)*r(t)
_FCQ(t)_= - r(t)

This model is shown in Filg. 1. The'main'features, which_we

introduced in the preceding derivation are' |
1. After the first pass, the system under study becomes
part of the general circulation. |

2. A delta funcetion injection of a quantity Q, upstream

from the sampling site at the output vein of the system,

-




43

yields a sampled function r(t) Q.representative for the gen-
‘eral system. R | _ | |
3. A delta function inJection downstream of the same
, quantity Q yields at the same sampling site a.sampled func-
.tion‘in‘two terms.‘ The first term h(t) Q is the first pass.
function, the second term Q. (h(t)*r(t)) is the recircula-
1tion function._,,l | o
4 If one‘predetermines r(t), one can derive h(t) from
i[h(t) + h(t)*r(t)] by deconvolution. |
o Maseri (1970) did it numerically, that is, without as-
‘suming any specific analytical expression for h(t) or r(t).
The solution proves not to be entirely satisfactory, since
at,the_end_ofvh(s)'oscillations appear, which are due_to the
“errors_inherent initnis;type of analysis or noisy data. The
»authorstaISOndiscussiwhat happens 1f not alllof the tracer
recirculates,‘and_to what extent bOth tracers have_tovbehave
linearily'in the same manner.
| Indeed for practical reasons one Wants r(t) to have a
finite integral between t =0 and t = », This is achieved,
. 1f the tracer is,lost to_the system at a COnstant_fractional
rate a. Thefekpression'for Feo(t) becomes a series as fol-
':'lows: : | n _ , _ .
. i(t) .‘.-W. |
o+ i(t)*v(t)*h(t) a
+ i(t)*v(t)*h(t)*v(t)*h(t) a2
snnd so on.

‘,If a is a,function of ‘the concentration, or if thebreé
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:moval of tracer is a zero order process, the removal is not
.necessarily the same for both injections. ' This discussion
}is_important but does not change the general outlook-of the
theory}, Coulam (1966) uses the upstream downstream type of
’analysis, still using a numerical method in finding the
- Fourrier transforms of the observed function in a method
analogous.toethat described above. .
In.both'caSes the range of time over which_samplingvis'

performed, and the.fact_that one has to aSsume'v(t) and.

h(t)'to have_a-finite integra1 in the time interval in which

it is completely described are critical aspects of the meth-
od.»‘This,eXplains why most authors assume something about
the shape of the taill of the curve, by normalizing a lagged
' norma1 to the’last obserued points as does Bassinghwaight |
whO'aiso.uses numerical deconvolution, or to assume the

function tovbe,periodic, as does Coulam.

o section'u The diffusable tracer

In the next chapter we will present a circulation-per-

' fusion model where the parallel ‘eirculation hypothesis and

- the difference in dilution volumes for different tracers;are

_integrated. We are not the first to'do so: Dobson et al
(1955) already compared plasma turnover (Albumin‘as tracer)-
with sodium turnover, to determine the ratlio of the differ-

ent pools_(&/l)._ The information one would get from using

two 1Sotopeshw1th different distribution volumes will of o

“course depend on the model one can safely use. Zlerler

(1963) used the most general model with a diffusable and
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non;diffusable trééer_to definé both the bypass fraction of
'flqw'and'the gxtravéécular turnover (see Chapter II).

Perl (1968)_considers three cases 1in a tubular model.,
vlf_convecfionﬂ>> diffusion, he finds, as we do in the next
'chapﬁef;fthat tﬁé'Wave 6fva diffusable tracer is simply de-
layed relative'té that of a non-diffusable trécer. If éon-
vec£1657<<'d;ffusi6h:the extravascular space acts as a first
'brde:'cémbarfmght;_ Unlike We,'he does not consider the fact
that}the-refefengé tracer méy have a different intravascular
‘volume (plasma) than the diffusable tracer (plasma + eryth-
rocyteé), but' in those.two limiting caseé the ‘conclusion 1s
thé'same, 'Goresky (1970) finds the same results for one bf
the limiting:CaSes; which he.calls flow limited (con?ection
_ >>_diffu$ion)fvuﬂowe§er, if the_permeability is not very

‘large;uthé éutput,fuhction has a spilke atvthe same time as

v_thé reference trééer, but is followed by a firét order pro-
éess,' ThisJCase is vefy ihtérésting,‘ Aé we shall see this
1is not:différeht from a functional shunt.situation. In any

vessel 1 the'output:function 1s given as

¥t this'pointvhbwever it may be ne¢essafy to reconsider.
}éomeidf the défiﬁifiéné. vGoresky's definition of a system
where chvectiQn $$'d1ffusion-as flow.limitéd ralses an in-
‘_térestiﬁg‘conCéptqal,problem. vIndeed, What-is meant here 15
 that the‘mdtiqn.¢f the tracer is mostly due to convéction,
_{but“that; over ﬁhé'small_distances}whére-it occurs, diffu- .

sidh‘is{eSsentially instantaneous.
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Qi'[(lga)s(t-to) + ae'k(t’to)] o v'_ '(1.32}h

'vaQi 1scthe'fraction,of_the total entering vesseldi'

8 1s the delta function spike, appearing at the exit at

the same . ‘time as the reference tracer
k 1is the fractional turnover rate of the first order
compartment |
- If one then combines this local result,‘assuming that_k 1s
'the.same in all tubuiar elements, as 1s a
h(t) = [(1 -a) n(t) + a n(t)* e'kt] (1.33)
One will note however that Perl finds in his limiting case
that a =1 in any vessel, because there 1is immediate later-
al and 1ong1tud15a1 diffusion. We will incorporate immedi-
ate longitudinal'diffusion (see farther) as did Zierler o
"(1963),,but we(do.consider‘the possibiiity that what is ac-.
. tually detected as "bypass flow" may he_functional as in
| (1 32), leading to Eq. (1.33) for the whole system.

Section-5. Bypass and Diffusion Limitation

There haVe:been many arguments ahout_the existence ofv”
bypass flow; -The first‘evidence is somewhat anatomical or
atructural. | - |

Boestroem (1953) and Piiper (1959) showed how the‘frac-
rtion of microspheres of different diameters reappearing in
the venous outflow after intraarterial injection 1s a func-
tion ofitheir:diameter, and may be influenced by denerva-

tion, or in the case of the dog, by tying_off the paws, -

ét]l
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Where most of_the bypass vessels séem to be locéted. We afe

not entirely oonfident that the case 1s this simple. Al- |
'though for Sbfp diameter spheres, é morphological W1der ves-
'sei has to be}assuméd, it is not clear that outfient vessels
need to have small diameters. Quantitation of the bypass

with microsphefes 1s even more complicated, since the mic-
rospheres may selectively go through wider ohannéls, and not
be distributed bétween small and wide vessels acoording to
"the flow distribution. However, the concept of bypass 1is én
important one,

-:The iSSuo has been somewhat clouded by the approach to
'thé problem. 'Sapirstein (1956) defiﬁed the fraction of the
vcardiac'output_going to different organs by looking at the
fréction of %42k tracer found in that organ within a minote'
after intravenous injection. The author did assume ini-
| _tialiy'first paés uptake. The theoretical derivation,vas—
suming.complete firét pass uptake, and no back—flow,'is
' straightforwapd”'

& =Fc, | | | (1.34)
" where Q1 is the amount of potassium 42 in organ i
Fy is the flow to organ 1

'Cy 18 the overall arterial concentration.

a(t) =7 [Foamas (1.35)
: o] _
Since C, 1s the same for all organs‘

2.0 L (1.36)
Q1 ZFy 7 : :
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One sees undoubtedly that Fy 1s really only the nutrient

flow to thexorgan,_and,‘still,assuming the validity of theh »

model, Qi/ZQi‘would then represent the fraction of the total -

nutrient_flow,.togorgan i. Bypass flow is not detected.

_ vThe-Simiiarity;‘toisome extent; of the physiological‘_
'behaviortof Rb and K led-to'the'indiscriminate use of one
isotope for the other, although some striking differences
- were noted early (Love 1954) That there 1s ‘no backflow
cannot safely bevassumed.- Indeed, it seems_that up to 85% -
of intraarterialiy injected potassium-42 reappears at the
venous output, and behaves in a manner similar to injected
radioactive sodium. (Dobson, Hippensteele, Parker: Personald
communication) | | |

| If backflow is indeed taken into account, and assuming

.that there is a single extravascular compartment (which in

itself is a- very important simplification) the basic differ—,

ential equation now becomes
Q =FCp -k (1.37)

_whose solution is
| Qi(t) Lf C, (t) ekt dt] ~kt (1.38)

where k is defined by the steady state equation for stable

potassium.

The total extraction concept is however popular, against

allfreaSOns. Tillich (1971) still uses itifor'effectivevcor;

onary flow.,
) Friedman (1968) using Rubidium advanced the hypothesis
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that if (CA—CQ)/CA:f l‘during a constant infusion experiment
"there ié'bypass, Howevér, since he cannot deny the exis-
tence of backflow, in.1969 he looked at the ratio of Rb/
siderophyliiﬁe.ssFe.‘ He observes 3 phases in this ratio,f
the'eérl& one expressing bypass, the next one backflow, the
‘last one cell meﬁbrane permeability. |

But 1t is féally Martin and Yudelevich (1964) who first
deséribed the equations needed to underétand the beha&iOr of
 the tra¢er,'and the extraction ratio method.

» They first point out that only for an infinite pool the
,.vehous cOncentfatidn of the'diffusing tracer c(t) is related
to the Venoué.éoncentration of the reference tracer C(t) as

o(t) = (1-E)C(%) - (1.%0)
Qhéh one assumes thét in alljcapilléries the’same fraction
E is extracted;

| However,»if thére is backflow, the tracer may spend
some timevin the extravasculaf system, described by the
probability function ¢(t). In that case

- Fe(t) ="(1_,.—_*E)FC(t) + EFftC(e) f (v-0)de (1.41)

ahd since
' a
f c(0) § (t-0)ds
o )Y -
g0 36

Eq. (1.41) can beltransforme&¥to

E =1 - limg.g g_g_',g_} v o (1.42)

We doubt very much that c(t)/C(t) close to't = O can be



measured with anydconfidence. Still, assumingvthat it-can,
and considering as we did up to now a unique @(t Eq, |
(1,41) can be transformed by a Laplace operator to

L(c(s)) = (- E)L(C(s)) + EL(C(s)). L<<b<s))

_ SQ'that
L(C(s))

In point of fact this model 1s not without problems, but
Yudelevich (1968) used 1t to define capillary permeability

as - : § :
PS = -F ln(l E) | | (1. 44)

There are multiple problems- nelther é(t or E are necessar-
ily unique. In.fact_E could have any number of values be-
tween 1 and Q,.the‘latter'value indicating bypass flow. It
is Renkin who_proposed (1971,1955) that the shunt flow repre-
j.sentsvflow.through a yascular bedeith‘diffusion limitation

(E # 1) where E decreases as the flow rate increases.

Conclusion

'The multiplicity of models, and the somewhat confusing |
terminology makes it difficult to realize what the different
models have in common, and how they differ. On the micro-
.scopic level.one.can distinguish several cases.
| (1) In theyfirst case, there is no diffusion possible
Iacross-the_vascular,membrane. This is the case in the "by-
spassﬁvvessels;lﬁln.those vessels all tracers behave in the
same way, 1f one disregards the difference in linear veloc-

ity of plasma and erythrocytes. Hence, if simultaneously

L<¢>(s)) [—iﬁi‘ﬁl - (l—E)];_ (143
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1ntroduced the reference (non- dlffusable) tracer,.and the_'
‘diffusable tracer, will appear at the same time at the exit.
In the absence of turbulence, and ‘disregarding laminar flow,
a delta function injection at the input, yields a‘delta
1function at the output o |

(2) In the second case (Perl 1968), lateral equilibra-
tion is 1mmed1ate,_but there 1s no longitudinal diffusicn.
Although this'mcdel seems to lack ln realism it has some
valuable aspeCts,,since the difference in fime of appear-:
ance for both:tracers is defined'by theirsequilibrium dis—
tribution'volume (see Chapter II).

(3)chrearealistically, there is some longltudinal dis-
tributionj»the~d1ffusable tracer has an output function
whose mode.is retarded relative to the appearance of the
‘reference_tracer,vbut.whose shape'is very complicated (Perl
1968). | o

(4) In the fourth caSe equilibration is 1nstantaceous,
and the extravascular distribution volume is combined in a
Single cOmparfmeat with the 1ntravascular compartment (Perl
1968 Goresky 1970) ‘This is strictly speaking the flow
'limited case.
| - (5) The fifth case is the most general diffusion 1limi-
ted case, as described by Yudelevich (1968) and Martin

:(1964) Only a fraction of the tracer crosses the vascular
'membrane. This fraction is lower when flow is higher (Ren-
'.'kin 1955, l97li. The rest of the tracer appears'as'ﬁhe ref-

erence tracer;'but in the extravascular compartment back



52

diffdsion begins. To simplify analysis, no diffusion re-

striction is.aSSQmed'within'the'COmpartment.

| (6) Finally, Dobson's_(l957) model combines many}ele-
‘ments as in éase 4, all equilibrating in a»iarge single
pobl. Within.éach_syStem there may.be many of those‘poOls,
‘but the attempt.at globalization is worth noting.

| Attempts at.giobalization, starting from the micro-
scopic levels haVe-failed, as is to be expected, unless
drastic assumptions are made, _

It is too early to reject any of the possibilities, o
QVeﬁ ifgcase 2 seems unlikely.. Obviously case 3 would be ” |
‘ mofe realisfic, Exclusive lateral equilibration, however,
.can be imagihed'if the tubular unit is very long, surfounded
byra‘Very’ﬁarrow extravascular space. If the whole vascu-
: 1ar.sy$fem can be described by this, then an obvious rela-
‘tion exists between the density function of transit times bf |
both trécers (Chaptér:II). This is also true‘for‘a combin- ‘ %
~ation of 1 and.2. | | | | |
| The diSadvanﬁage of Dobson's model lies 1n'th¢ factv‘ | ‘  g
that no tranSpbftation fime to and from thé compartments 1s o ‘ %
assumed. Furthermore, the model makes no-allowancevfor'by- s
‘pass flow; | | |
As for the fourth case, iflcan be made close to Dob- .

'son}s_model,"if'one can group the elements iIn a restricted
number of sets having the same first order coefficient while
assuming that those "larger»compartments" are partially in

series with the intravascular pathways (Chapter II)..
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_ The rinal model will therefore be a combination of 1, -

" However, one has to keep in mind that if at the micro-

vSCdpic 1eVe1 the ‘empirical distinction between a combina-

tion of case 1 and case 2, 3 or 4 in parallel and case 5 is

qbviods, at thé m§croscopic level the observed function 1is

_in bothAcaseS_df-the'general form of Eq.. (1.33). This ex-
iplains,.we think, why the parallel network hypothesis co-

exisfS'side by side with the Renkin model.

| Ih any Case, both‘phenomena are bypass phenomena in the
SenSe‘We definedi',Hence caée 5 is'implicit in the énalysis
whén,tﬁé'quel contains cases 1l in parallel with 2, 3vor-4.
Iﬁ differs‘only_ih the very 1mportant aspect that it allows

the'kinetics’ofia frattion of the tracer to be diffusioh

‘limited (Chapter II, Section 2).
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l"‘CHAPTER II. ‘THE MODEL

In thisIChapter"thevintegrated model we will use is
presented. This model of tissue perfusion_is by no means
ideal' It represents a compromise between exact representa-x
tion of the physical reality, and the ability to collect the
data necessary_to,its resolution.

'_Indeed,‘the paucity of applications of very complex
tracer kinetics_models, is indicative of the restriction of
the method 1in general. On'the other hand, it can be claimed
'that some modelsfin general use may be too simplistic to |
yield real‘information. Since one of the main-points of our
method is an improvement of data collection (overcoming‘geom—
etry_factors andirecirculation), it follows_that‘we should be
able to apply the improved observational method to a model
slightly more complex'(and closer to reality), but not neces-
sarily to the “ideal"vmodel, if there is such a thing.

| At the end of the preceding chapter five distinct mic-
roscopic modelsawere presented; We already pointed out how
the macroscopic data do not allow one to distingulsh between
two alternatives In that case (bypass flow as parallel cir-
cult or as diffusion-limitatidn) the formal analysis of the
global data remained the same, in the two modalities.

| - We will show in this chapter how the same is true to
'some extent whether one considers tubular flow or a compart-
mental model, how, under certain specific conditions extra-
vascular circuits in series with the intravascular ones can-

not be distinguished from cases where the extravascular dis-
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tribution-VOlumebinclUdesvthélintravascular one. |
_Finallyvthén’we_Will_hope to have shown that the anal-

'.ysiSfof the‘data; withvthe ambiguities about thermodel,:al—

‘lows one'nerertheless/to determine physiological'parameters

of impcrtanCe.gf’

" section 1, ‘_i‘ra:nsi»t Times - Flow anvd Volumes
_The:relationﬂbetween the output function of a tracer
__injectedr—“in_aadelta function injéction'-_into an arterio-
.capillary-renousfsystem3 and the flow and‘distribution volf
,umé of the tracer'can be defined in different-ways.}vThe '
wmost common‘model is the simple compartmental system. fFor
one compartment the output function is defined as

Q k exp( kt)

where k is defined as F/V.

Another approach is the transit time analysis. This
.“section analyzes the relation between transit times and flow
‘and volumes, (l)}for diffusable tracers, without diffusion
"limitation inva‘direction'nOrmal'to the flow, but no longi;;‘
:_tudinal diffusion extravascularly, and (2) for a non-diffus-
"able tracer.

Obviously those are stringent conditions and the model
can hardly be considered as general However, the model alf
_lows us to analyze closely two important relations- 'The

"first one is the relation between t and V/F the second one

- is the degree to which the output functions for two differ—

ent (diffusable and-non-diffusable) tracers are related. At

“the end of this section a parallel will be drawn with a com-

N



partmental model.

A, The Tubular Flow Model |

| It is easy to see how, for a pure plasma tracer, the
transit.times of the tracer elements arerrelated to the
transi* ‘times. of the plasma elements, and how the transit -
| time of plasma 1s related to the plasma's linear velocity,
and the path length. Indeed, since flow is equal to dv/dt,
and,velgme V{isk/jLA(x)dx, Where_A(x) is a cross section
.area_of”the plasggfvolume, one can evenlintuitively per-
ceive that there must be a relation between linear velocity
and flow, asvthere.is one between path leﬁgth and volume.

' Formally one has the following relations and defini-
tion: A(x) 1s the cross section area of the plasma volume,_
perpendicular'tonthe flow. ‘It 1s easy to imagine A(x) in a
single tubular vessel (Fig. 2). ”

L is theviepgth'of the vessel.

The volume V of the vessel is defined by

On the other hand, since through the vessel the flow is con-

,served, and since flow is given by the defining equation

It

F x)dx/dt '1 | | B - (2.2)

“while the time t spent 1n the vessel by a tracer element is

given by the equatiQn

- [Hwe - (2.3)

where v(t) is the linear velocity, one sees, that the intro-




Fig, 2 SChemétic Repfesentation of a Tubular Unit

On:top, the figure shows the tubular unit of length L,
w1th 3 cross sectlonal areas drawn 1n.

At the bottom, A(x) is plotted as a function of x (full

‘uline);vwhile A, the average cross sectional area is indica-

| ted in a dashed line.
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duction of"aVerage‘values for A and v immediately yields ¢t

~as a function of V and F. Indeed, consider

) then

'V ="AL
F = AV
'L = Tt

and finally. | |
. ve=F : . (2.5)
This simple relation of Eq. (2. 5)'is less obuious if a
‘tracer diffuses from the tubular vessel into the intersti-
.'tial tissues. However, if one restricts tne volume of ex-
travascular_Space-to_which the tracer can diffuse; the sit—
uation changes. o | | | |
As invthe definitions_of the capillaron we define a
vaséular Unit;as a-Single tubular'vessel Surrounded-by_itsf
own extrauascular fegion (Fig. 3). | |
In the very restricted model that we are discussing
now, there is instantaneous lateral equilibration, but no
' longitudinal diffusion. The assumption has some validity
~1n cases where'the tubular vessel 1s vef& long and the sur?
rounding_extravascular’space has a small depth. »
| Atfany rate;dfor this diffusable. tracer, neither'the'a
. flow, nor the length of the vessel'haVe changed° What
,'changes is tne volume‘in.its cross section area A'(x), with‘
1ts average value. |

For the plasma, the cross section area A(x), was the
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Fig. 3 Schematic representation of the vascular unit

Onﬁtopdthe'tubnlar vessel (full line)lis shown. Cver'
part of itS'length' its wall is permeable, and'thettracer
equilibrates over the volume shown with the dashed llne.'

The dashed line represents either a capsular separa-
tlon, or the distance beyond which, in an alternative model,
diffusion-llmltation occurs. | | |

On the bottom we have as a function‘of X: |

A(x), the»lower full line representing the physical
cross sectional area of the tubular element.

Ap(x) the dashed line, representing the physiCal
cross- sectional area of the extravascular space.
pr(x) x, the dotted line, representing the virtual
-extravascular volume cross sectional area.

Aj(x), represented by the upper full line, and
being thevcrossvsectional area of the total virtdal
distribution volume: | |

At(x) = A(x) + Ap(x).A

-
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physicai cross-sectioh-area of the vessel (minus the part
of it occupied.by'erythrocytes). Let the physical cr6535

section area of the extravascular region be Ap(x).

At equilibration the concentration of the tracer in the

plésmé is Cp, the concentration iﬁ the extravascular space
1s ce.* - |
vWe'define, L
A =cCefcp S (2.6)
and therefore ) | | ' “ .
A(x) = A(x) + Ap(X)A (2.7)
We then have, as for the plasma tracer from Eq. (2.1)"

V! =A[fLA'(x)dx
UQ'_

from Eq. (2.4)

_'T%"'f =,fOLA*'<x)dx/L

and fr6m th1é we can défine

_»v'_=uKL + ApAL I . - (2.8)

~ There are two important points. Thé flow has not

 changedQ Furtﬁérmore; ApAL is a virtual volume for the tra-
cer in théAeiﬁravascular space, which we will call V'e. The
transit time t' forvthis diffusable tracer‘is given by |
N vt=Ftr | (2.9)
ahd'from (2.9) and (2.5) we have |

fIf the‘extravascular space 1sxnot homogeneous theré-is
‘more than one equilibration concentration, and Ce is-an av-

erage. Thisvdoesvnot influence our derivétion.v
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T -t V'e/F' (2 9)!

o ij the tubular wall is not permeable for the tracer, both

hdiffusable-andsnon-diffusable tracers have the same transit
times Sincegxgobviously will be zero and. |
C EpA =0 N
o ve =0 | |
'Thé{oroblen is thatfif'the_tracer is diffusable,'it mayealso
v'.‘;dif"f‘use.":intto'.th‘e'.‘.e'.fythrocytes.‘ In that casev'th'e flow, which
- is'flow_of.carrier<in the first place, changes:from plasma
':_vfiow”tovblood”flowi In this case there_is'a speclal problem
,when~the'erythrocytes have a different'linear_velocity than
"cthe plasna elenentS; we°will not discuss this*problem_yet,v
_ but will only say that both velocities are close, if not
equal _ 7 _

‘ Going back to Eq-.. (2 2), the relation between'flow and
cross section area remains the same. but the Cross sectional
:area one uses is the sum of plasma cross sectional area
A(x), + the tracers virtual cross sectional area in the
| :erythrocytes A"(x)

Hence
o (A(x) + A" (x)) dx/dt

fHowever there is also a change in volume, given by an equa-
~ tion similar to (2 8) | } _'

V' = AL + A"L + A'L . - (2.10)
* and Eq. (2.5) still holds - |

Vi=Frt T (2.11)
o, cases have to be considered. Inothe non—permeable‘vég_;.-

f881$>'k = 0, andAAfL‘= o, therefore



',times, the mean transit time is defined as

v! = AL + A"L
and |

tlll‘

i

V(& + ®")
exactlY'as for the_pure plasma tracer.

Otherwise, when N\ # 0

n
L(A + A"+ AY) o, V'e
v(A + A") , F!

f" (2.13)

weVSee.that in the non-permeable or bypass vessels the tran-
sit time for ‘the diffusable tracer is the. same as for the -
non- diffusable one, regardless of the fact that the diffus-
able tracer does_or.does not equilibrate in the erythrocytes.
'But we assumed both erythrocytes and plaSma to have the same
velccity, and.a correcticn factor may have to be introducedQ
More‘important in the exchange vessels,-depending on

whether the tracer does or does not penetrate in the eryth-

rocytes, the difference between the transit time of the d4if--

'fusable and. the non- diffusable tracer is either Vie/F', »(Eq.
2.13) or V'e/F (Eq. 2 9)'. Note however that for different
tracers V'e may be different, since it_represents a virtual
volume. | | |

In general,sif h(t) is a density function of transit

. oo;‘ . . .
‘€=f tn(t)at C (2.1b)
and,since.in'general in any tubUlar_vessel-i, the transit

‘time ti is | -
| ti = vy/Fy y | (2.15)

—

S
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where Vi and'Fidmay“vary depending on the tfacer»and the
vessel type;vtnenmean'transit time is '

N

tZtl/N , N CE
' 1 l o ‘ o : - o o v

'where N is the number of vascular elements in parallel.

F'Substitution»pf_Eq. (2.15) in Eq. (2.16) yields

At this point, to reach the final solution proposed by
Zlerler, Qne:hés’to_introduce.a new concept of volume.
Consider

Vi o Vi/Mi Vi/Mi
Fi Fy/My O f

so that Nf = F, or the total flow,

then N

/ . fN

and hence V'inttne equation T = V/F 1is not =V,, but a
. weighted sum zvi/Mi. I o - (2. 18)
| f One can now define the density functlons of transit

'times.(n(t)~and d(t)) for both tracers. However, since two

.
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fypes of_veSSéisdare assumed'fo be'present (permeable and
non—permeabie)’thevfunctions are respectiVely:'
n(t) = (1-a)ny(t) + anp(t)  (2.19)
a(t) = (1-a)dy(t) + ady(t)  (2a9)
where . a is the_fracfion of F or F' going to'the permeable_ ."
vessel oircuit (or exchange vesselé), while.(lfa)F_or |
(1l-a)F! goes'to the non-permeable (or bypass) vessel cir-‘_ 
cﬁit;- Both circﬁits are assumed to be in parallel. Silnce
‘in the bypase veSSels'the Transit times are the same, re-
gardiess of‘the treoer, we have | ‘
dl( ) =ny(t) o (2.20)
;The mean - tran31t times are found in the usual way - |

tn ==J£e tn(t)dt ,JC' (l-a)tnl(t)dt 4—JC atny(t)dt

td fmtd t)dt = f (l—a)tn (t)dt + f atde(t)
o

Il

~ One can_now'define the following mean transit_times'

_'ﬁ‘lh =j(; -tn_i(t)dﬁ = Vy/(1-a)F | I (2.21)
e
Toa "_:C o%_tdé_(t;_)dt_: (Vo +Ve')/a1€' o B '(2.23)»

or in cases where the diffusable tracer penetrates the

erythrocytes

X <[Trpmar - (v (23




' where
Vl is the plasma volume in the bypass circuit
'V2 is the plasma volume in the exchange circuit
Vé-is the blood volume in the exchange circuit
F *isdplasma flow |
F' is'blOOd’flow'(virtual)
-Ve' is the virtual extravascular space of the exchange
circuit.
In this Way two global mean transit times were defined,
td and tn, respectively for the diffusable and the non-dif-
. fusable tracer. However, the presence of bypass made it
' neceSSaryvto define three more. | o |
| tin'iscthe mean”transit time of both tracers in the by-
“pass.circuit. | -
:tén is the meanftransit time of.the non-diffusableetra—
cer in the exchange circuit
B t2d is the mean transit time of the diffusable tracer
‘ in the exchange circuit
~ Of course, unless nl(t),}ne(t) and d,(t) are defined inde—
"pendently, the values one can derive from direct observation
dare tn and td.

However, from the preceding, 1t follows that

tn sj(l—q)tln +‘d t2n
td = (1-0)%n + a T,d

~ and hence _
'td - Tn ?ra(tzd - t2n)

Twoxthings, although obvious, are worth noting. 'First,
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the extravascular yolume in the bypass circuit is not detec-

ted. Secondly, by subtracting Tn from td one obtains Ve'/F,
and-not Ve‘/aF, the value of interest. Therefore, a has to
be estimated independently.
It is worth noting that if there is a constant ratio
between Ve' and the- blood or plasma volume V, 80 that
| Ve' + V v S _
=TT . L 24
it follows that | |
Sty = Sti | ' ' (2.25)
and also. - | _ .
- tpd = S t,yn S (2.26)
Eq;(2.25) and (2.26) will be used later. |

B. The compartmental analogue

In what preceded the basic assumption is that lateral

,equilibratlon is immediate, while extravascular longitudinal -

diffusion does not happen.

Parker and ‘Hippensteel (1972), among others, pointed out

that for all practical_purposes, if the output function for a

tracer (in this case intravascular) can be fitted by a sum
of exponentials, one can to a point consider the system asi
made up of compartments, but that a first order process does

not have to be assumed, Indeed, so they‘argue, the'exponen-

tial distribution'of transit times may be due to an exponen—

tial distribution of tubular lengths, for equal linear ve-

locities, or of tubular volumes, for equal flows.
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Hence,_ifnne(t) = Ae"at, then if in general the propor-
tion df lntra and_extravaSCular.volume ls;constant, then
do(t) =rA/S e'at/s,where_s is defined as in Eq. (2.24) for
' the permeable units. '
 The output functions for the two- tracers (barring by-
mpass flow) are then as one would expect them also in cases
where the distribution volume for the diffusable tracer sim—
ply 1ncludes the‘intravascular volume, in'such a way that in
~each parallelucircuit'the proportion of lntra,and'extravas-
cular volumesl(virtual) is the same. Indeed, in each of the

circuits, we have,ﬁor the non-diffusable tracer
- di(t)3;jgieqi(o)e’Fi/Vi't
. Vi c
and for the diffusable tracer
. . Fi . / |
:Q1(P)l= svl qi(o)e’Fl/svit

sTne'model'is represented in Fig. 4.
Obviously"as far’as‘diffusionbgoes between the two mod-
' els.(tubularrflow and compartmental)-tne correspondence.lies.
in the fact thatvflow‘is the limiting factor. But.the dif-
fusion factor'is.not'the same in both. cases. .Contrary to
H~the-tubular model,,the,compartmental model has no diffuslon
limitation inlanY-specific direction (relative‘to the flow),
.but an 1nstantaneous mixlng 1s assumed. | |
In this section we considered two cases of strict flow-
v}'limltation.s It 1s 1mportant to conslider all assumptions ex-

plicitly°
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Figure 4. SchematLC'Representation of a Single Compartment

System,

The non-diffusable tracer, whose flow is indicated by
the white.paft of the arrow "sees" on1y the.small intravas-
cular compartmeﬁt Vl'(dashed square). The diffusable tracer,
tfansported‘by the same'flow, indicated hefe by the shaded'

. arrow, "sées"'the largér compartment as a single one, and 1is
nofvinfluenced by the.separation between'eXtré and intravas-
cular volumes (dashed line). In steady state, the rate of
disappearance (after equilibration) is for the non-diffusé—
ble tracer F/Vy, for the diffusable tracer F/(V1+V,). The
mean'transit”times are respectively: |

T:-n = Vl/F

[

- Td = (Vy+V,)/F. = stn

In this Simple case,no.bypass circult is assﬁmed (or'f

l-a) = 0).
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1;_Thé tubulsn modél‘asSumes:
unlimited ;_lateral. diffusion within the Vascu‘lsr unit,
but no longitudinal diffusion. | ' |
'_é. Thc compartmental model assumes:
uniform mixing, |
no diffusion limitation within compartments.
_3. Coincidencevbetween the two is found for_pcrmeable ves-
.sels if; . | | | |
the'vasculsr,transit times have exponential distribu-
tion; | | | | |
. the 1ntra and extravascular volumes are in constant
Aproportion in all capillary units, |
‘obviously, in this case the emphasis lies in free dif-

fusion. If the diffusable tracer is an inert gas llke Xe or

Kf or'an ion'like sodium, the model may apply, but in poor-'

ly vascularized regions the assumption may be strained.
iTherefore, without’prejudice as to the importance of the
. phenomenon, the model should take this factor 1nto‘account;

Thls will be presented in the next sectlon.

Séction é. The extravascular compartment or volume in
series. | |
It is difficult.to assess what exactly will happen if-
“the immediate équilibration (lateral 1in the tubular model, |
"or throughout the compartment in the compartmental model)
condition is not met. |
Zierler (1963) presented a model in which one simply

considers the time spent by tracer elements in the extra-
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véscuiar space._iThe rétionale is not immediately clear,
Péftly it is based oh the conception that the motion of the
tracef barticlevis possible only by some flow of carrief
(fluid). On the.average the tracer particles leéve_the vas-
cular compartmeﬁt and re-enter it at the same point (in
‘Zierler's modél). Fof'each'particle.to the intravascular
‘transit time an extravésculaf transit time is added. For
vvthié fraétion-bf the tracer amount injécted'a distribution
function of transit-.time 1s convoluted on the intravascular
transit time.

~ There is.more‘to this than meets the eye. Two elements
of“21erler!s mbde1 have to be explained.

If as he concludes, the distribution function of trans-
vlit times is éiven by convoluting the distribution function
of extravascular transit times on the intravascular one,
then one assumeé'that both systems are completely iﬁ series,
and nbt, as.Zierier suggests, that to‘eachnintravascular'
tubular pathway>an_extraVasCular'pathway is'added, unless to
each tubular element pathway the distribution of extratubu-v
lar pathways added is the same, which amounts to the séme
‘thing. | | |

Secondly, 1f a relation between transit time and vol-
ume and_flow;exists,'it can only be so 1f the motidn,of the
| tracer is due to flow of carrier. Theréfore, diffusion is
not considered. |

To introduce the solution one has to reconsider the

;"basic formalism. Two functions have been defined, respec-
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‘tively, for the non-diffusable and the diffusable tracer, as
follows: |

(1gd)nl(t)‘+ ans(t)

‘“

n(tj>
d(t)

1(15a)n1(€) + ady(t)

- In theipreceding'seCtion,it appearedvthat under eertain as-

sumptlons de(t) = né(ts), which means that all transit times
~are multiplled by S. Up to now the relation t = V/F is ob-

vvious. If a third process is introduced d(t) becomes

d(t) (l—a)nl(t) + ap dz(t) + a(1l-B) d2(t)*e(t).

The term (1 B) 2(t)fe(t).indicates that for a fraction
a(l g) of the ingeeted amount, the model needs a distribu-
tion volumeein.series,witn the vascular units allowing dife
fnsion. If‘the'metien in this volume is flow limited there_.
isvno probiémi';bifquion.limitation:would_mean'that.tne
Vtransititimeiis‘defined'as V/F only for a fraction of the
tracer. In that case o | |
'(l) (1- a) nl(t) is indicative of the bypass flow
(2) ap na(t/w) is. indicative of tissue perfusion
(3) a(l—a) n2(t/w *e(t) is indicative of diffusion exchange..

- And while only (2) is tissue perfusion in the strict sense,
(3) is indlcative of’exchange, although very much tracer
specific.. In.the case of flow limitation in the volume in
series (Zierler's hypothesis) both (2) .and (3) are indica—
tors of tissue perfusion.

But.how can a volume in series be imagined with flow

.
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1limitation? ‘We will consider the anatomical equivalents'in
‘,Chapter\IV (Resuits'and Discnssion). At thils point however
the following can be said: |
For an intravascular (non diffusable) tracer, the

fréction of the total transit time spent in the large ves-
seisvis‘relatively'large, while for a diffusable tracer most
of_the time is spent in the tissue compartments.

| . Hence, allowing for some error, for each tracer element
of the diffusable tracer one can simply add to the intravas-
.cular transit time an extravascular transit time, which
leads to the concepts of compartments or systems in.series.

| In Fig; 5gthe model is schematically shown. Each cir-
cle corresponds'to a. subdivision of the systems‘where some
time 1s spent. The time epent is proportional to the diam- -
‘eter of the circle.”’
Up to now we did not use analytical expressions for

d(t) or n(t),'or any of thelr components. The tubular model
as such gives no clues to the analytical form of these func-
tions, but we considered briefly one case in which do(t) is
‘ analytically defined by the analytical form of na(t).
In the next section we will derive all express1ons as
, they follow from a compartmental model which will allow us

to make the different'possibilities clearer,.

*Note that in this figure, as in all others of the same
kind, the arrows indicate direction of flow, and no time 1is

spent along the arrow.



| 76_.

Fig. 5 Schematic representation of the extravascular com-

partment in series, with flow limitation

The intravascular tracer (white arrow) spends most of
its transit time in the subsystems A and v, representing
lrespectively thevarterial and venous slde of the vascular
bed;' Only.a smaiiifraction of its:transit time is spent in
C, at the eapillary»exchange level. This traeer does not
see the tissue subsystem T. | |

The diffusable tracer spends the same time in A and v

~as does the non-diffusable, but spends a much larger time in

the systems T and C. Hence

tn

i

tn(A) + .tnv(C) + tn(V)
td

tn(A) + td(Cc+T) + tn(V)

since tn(C)/tn << 1
and  td(C+T)/td~1
we have |

td(C+T) td - tn
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Section 3. Mathematical Formulation

| In this section we will review the mathematical formu-
lation. Because émpificélly the output function n(t) 1is
well fitted,by:a restricted number of»exponential'terms,
n(t) =‘E Aie‘aitvﬁili be the basis for_all:subsequent deri-
'vations. It solhappens that the mathematical formulation is
not,different.ffom that of pure compartmental.analysis. Why
then thé hon;cbmpértmental derivation in_the preceding sec-
ﬁion? Thisié a~finevpoint. No realistic set of physical
assumptions can méke all capillaries into a sméll number of
‘compartments. .The good fit to exponentia;s_is accidental.v
Ziérlef has made strong objections to the automatiélcompéfﬁ-
mental approééh. :He'po1nts out the following objections:
(1) For a'non-diffusable tracer the capilléries are too in-
dividual to be.poqledsin any sum of sets with instant equil-
ibration. .
(2)_The‘genéral aséumption that the compartmentsAare paral-
vlel does not étand close inspection. Indeéd, the output
funCtion'h(t)-does not Jump abruptly from zero to maximum
value at ¢t = 0. ‘ _

(3) Finally, thére is a lag timeAbetween injection and the
.first appeafance_of the tracgr_;n the output vein. In'a
'striét_COmpartmental situation this would not éppééf. |

in what follows we have taken the pure time lag into

accéunt by translation of the time scale to the extent that

it was‘neéessary. The fact that we present the exponential
Vo o
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fittihg as accidental,will allow us to fit in such a way
that after translation of the time scele, at t = 0, h(t)

0, and remains-¢0ntinuous. In compartmental terms this
means at least ‘two coﬁpartments in series, but althoﬁgh this.
’ is-hard to map from model to reality, it does not bother us
since for the intravascular flow the fitting does not as-

sume compartments.

 1. Convolution of exponential functions

Ae"at*Be’bt is:énalytically defined as

AB bt _ .-at o RN
a-»>b (e o € ) ' S (2.27)

unless a = b;'ih which case 1t is equal to

AB 3%t o | (2.28)

2. In the simplest case, which will be finally used, one can

1fit'the'6utput function of the intravascular tracer as
N ast
n(t) =f§'Ai¢ i

:where n(t) is normalized by the restriction that

. | ZAi/aié 1 r
Thié_means.ofrcdurse that n(t) is defined as the true output
function, the observed one beinghQ n(t) where Q is'the nor-
méliZation factor. Furthermore, to keep the function con-
tinuous, even at t = O, JAy = 0. (a) If one then fits the
data for the diffusable tracer regardless of the. preceding,

'1t appears that a falr flt 1s found by
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| d(t)v=-§.3.e“bit

. 1 _ |
.where once again ZBi/bi =1, and =By = 0. - |
~(b) However, 31mply assuming independence of d(t) from n(t)
' 1s not realistilc. The diffusable tracer has at least to
travel thelpath of the non—diffusabie (in part or totally).
In one case-(seeisection 1), the assumption may be that‘the
‘path is the Same,ﬁas=is the flow; but that the distribhtion
‘voiume is lafger by a constant factor S all over the system.
Then d(t) is in fact best fitted by

_ N S |

d(t).=;§_cAi/s>e‘ait/s | (2.29)
And from that 1t follows that SA{/S = 0, but that the norma-
lization is still ZAi/ai =1,

However, whether the fittlng function for n(t) is a sum
of exponentlalsvbecause the system is truly compartmental;
or whether.itfis so by a chance distribution ofpathlengths
with eQual linear velocities,'it is not likely that S is
oonstant for'each compartmeht, or each tubular element.

In the compartmental hypothesis, still barring bypass,
~d(t) then becomes |
d(t) :'% (Ai/Si)e'ait/Si

' The ooncordance between n(t) and d(t) 1s not as loose as in

the first case,_sinoe_now

i
[

By =>Ai/Si for J

it

|
| d

by ag/54 for J§
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instead.of'being3completely unrelated. HoWever, if the num-
ber of compartmentsvpresent,'M, is largerithan the number
of terms, N, in the sum, then due to model blas the fitting
may be purely accidental and the relation between the BJ
viand Ai is lost This 1s also what happens when the tubular
model is assumed - Indeed, since 1in each individual tubular
element ‘the transit time for the diffusable tracer may be
changead by any: factor, Sy, 1f a fittlng is found as
) d(t) = %J 'Bj e-.bjt.

there 1svno-reaSOn for L to be equal to N, nor is there.any
necessary relation between Ay and Bj for 1 =1.
_(c)eIn-a third approach it is assumed that the extra dilu—,'
f‘tion:volune of tne_d1ffusab1e tracer is in serles with the
intravascularfone, and behaves as one single compartment(OJU‘
or one or more compartments in series (0.2) or parallel (O 3)
0. l) in thls case |

d(t) —'(ZA e‘ait)*e‘kt S (2.30)
O,é)‘for two compartments in series’ | |

a(t) = '<>_:A1¢-ai’°)*<§ KyeTkgt)y o (2.31)
'-iwitn the restrictions-that .
'§1K3f= 0- (Q and continuous at t = 0) -

S Kj/k; = 1 (normalized)

. 0.3) for two. compartments in parallel
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| R 2 v o
d(t) = (2a;e7310)x (3K, ekyt) (2.32

‘with onlyuthe;hofmalizing restriction ZKJ/kJ =1,

It isvintereSting'to note the_analytical expression of 2 or

3 which is as fpilows_if.kj ~ a3 Visj

da(t) =% Aiv: o (etkyt - ematty (2.33)
: ‘gf ;Zai - kji o 3 v -
Indeed; assumihg that the a; have a tendency to be 1arger‘

than the kj, and: to the extent that the difference 1s larger

d(t) is soon reduced to

| d(t) ‘= " A v Kj. e—k-t L
B A VAR Craen )] 7

‘or proceeding further

d(t)'=:§:jxjve—kjt ' N | (23w

this explaihslﬁhe relative success of the independent solu-
tion of the type

d(t)'= z Bﬁe‘bjt |
in this ¢ase'aga1n, Sinée the simplification assumes for all
practicaalurstés that'ZAie'ait is a delta.function (tép)-
(d) Under a different assumption the phenomenon described in

b and ¢ both océur,fthen the solution is of the form

= Z & Z (ai'l1 ;57 "e,_.kdt 'e'ai"/(?“
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An unlikely case,arises when aj = k48 becausefthen the ex-
presSion is reduced for i and J to |
BgKy e4ait/S'
l as was pointed out before.
';(e) Finally one . could have a combination of c and d, and

vtherefore the“output function would be described by

_1'_ e—ait/s.
S

. 152‘ KJZ e e

Vi g this last expression reduces to

“a(e) =

I\“’/\

cas K.
When _ai >>.>S <y

a(t) =BZ§£ em31t/S + (1-B)Z—KJ e~kyt (2.37)

»'-or'if the factorhs is not constant from element to element .
Cq(t) =B E,Bi e ®1t 4 (1-p) E KJ“e'kJt (2.37)"

| The noteworthy thing about this assumption 1s the compart—

: mental model fitting it. (Fig. 6). The existence of one
,tissular compartment in series with, and one including the
_intravascular compartment, is not impossible to v1sualize,
iand will be discussed in Chapter IV.

| However, in this case the implicit assumption is that'..

:'all the intravascular_compartments, or alternatively all the

“etubular elements, are in series with a few .common tissular
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Fig} 6. Compeftmeptal model-showing'the 1ntrayascular eom-
'partment (I),mand.tWo‘tissue compartments,.with_one of them
(11I) in series.mith the intravascular compartment.or the
intrevascﬁlar‘eompartment and the tissue compartmeﬁﬁ II.‘

The non-diffusable tracer detects only compartment I

and passes, without "seeing"'them,through the others (shadedA

,Jarfow) A fractlon of the diffusable. tracer bypasses in the
same sense compartment IIT (white arrow). But for all of | |
'the diffusable tracer there 1is complete equilibration between
I‘and II.‘,
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compartments.' This is represented in Fig. 7. 1In this’fig—
ure bypass is not considered, since‘it was not discussed at:
this_stage._;Formaliy then, the derivatidn was reduced to‘a
comparison of dg(t) with no(t). ' o | - .

We have theh'shown that dz(t) may have“a functional o
form very different, and independent of, no(t). The condi-
tions needed are different in each modality. |

‘in.the tubular flow model the independence of do(t) is
gnaranteed’if S is not constant over 511 the'elements.

_In the compartmental model, with including compart-.
ments, the same‘conditien is needed.

| In the cases- of compartments in series; the condition

is for the intravascular transit time to be short relative
to the residency time in the extravaseular compartment.
3. In the defivation of the simplest ease'possible bypass
was disreganded_altogether. However, the bypass fraction is
theoretieally one of the most important parameters. One can"
assume.that n(t) has two terms, one due to the tracer golng
through thoroughfare channels, the other due to the exchange

vessels. n(t) therefore would be defined as

_ art -
n(t) = q_% Aje a1t + (1-a) % Bye byt

(1-a) being the bypass fraction.

This however_prbves to be too much of a commitment to the
parellel circuit theory. Empirically, we found (see Results) i

that n(t)'can be fitted, with fair constancy from one exper-
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FngIY‘ Schemati¢-répresentation of a compartmental'model
‘ with'two parallelisystems of two compartments in series,
which for a fraction of their flow are in series with a

single (larger) compartment.



Figure 7
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iment to another, by o
ji{: Ai(efai§ —e-bity | (2.38)
~and that;naximiiing the'bypass eiement‘can:be achieved_by
assuming 3 S
- (1-a)ny(t) %Ez:viAi(e;ait -1t (2.39)
B - | | o _

‘In this fashion we found that d(t) is well fitted by

. _ _ 6
Ca(e) = (-ayn () +:§Z:Ai(e-ait _e-bit)
' b
vwhere o 6 . v
: ad,(t) {EgitAi(e‘ai?.re-bit) . (2.4o)

'vThe compartmental model fitting those equations is shown. 1n

the ‘most general way 1n Fig. 8. (See Appendix A)

| 4, In short, then, ‘we will not assume any speciflc micro—

scopic model, ‘but we will use the characteristio they all

have in commpnt We have 'already stated that the functional

form | . |

d(t) = (l a)n (t) + adz(t)

':[can be expected whether at the microscoplc level one. has two

parallel networks, or diffusion limitation in some or all of

the vessels._ _ | ( v
Furthermore, the independent functional form of de(t) is

,consistent with the ‘tubular flow model when S 1s not constant
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Fig. 8 Genéralized compartmental model - .

The fIOWuis*diyidéd~between 3vpara11eli¢ircu1ts in fractions

i
paths,'diViding'the fraction of flow as Tifi’ 50 that_H

£, = Ai/ZAiQ 'In each parallel circuit there afe*again:two

Zyifi = aF. B ‘ | _
It.isvimpbrtant to'note thét 1f the tissue compartmént
is very large the équgtion 1s the same (1h fhe limiting
case) whetheﬁfiﬁiis in series with.the intravasgulaf com-
.partment,'or,xaé shown here for aesthetic reasons; includes
6. | |
 Also, in cases where there is diffusion limitation the
bypass éifcﬁits;éfé not 1s§1ated from the exchange ciréuits,
but'the larger tissular compartment 1s still only seen by a

fraction of the tracér going that way.
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Figure 8




g2

 in1é11_the_cap1i1ary units, as 1t is, (in the'limiting gase)
when the extravéséﬁiér»Volumes are in:series with the 154
travéscular'ongé,_: | |
"That thisW1im1£ing case'appliesbis éupporﬁed by the

‘fact‘thatfthé trans1t-times for Xenon are markedly longer .
‘than for colloid, so that the derivation: leading to Eq.
(2.34) 1é‘hot fér—fefched. |

~ In the neXt:chapter we'will d1scu$s how we determine
’:n(t),and;d(t);(by porredting_for reciféuiation), and how
the functional fdrm wevdescribed‘hefe is applied'after the

recirculation correction.
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CHAPTER ITI. MATERIALS AND METHODS

-Section 1. Experimental design

.In ail expériments, beagle dogs, weighing approximately
10 kgr., were used Anesthesia was induced by an intraven-
ous injectlon of Suritol@D(sodium thiamylal, Parke—Davis), |
and continued with Methophaneéa(Metoxyflurane:2,2—dichloro-
l,i-difluroethyiFMethyl ether, Pittman-Moore). v

Thé.dogsswefé‘positisned in dorsai decubitus, with the
vhihd,limbs_stfgtchéd. A PESO catheter,'measuring 50 cm.,
was,introduCed.iﬁ the lateral of medial saphenic vein and
pushed up six to nine ihches, ;n'such a manner that the end
of the caﬁhétef,ﬁbuld be localized in»the 1liacal vein, out-
side of the field of the vein detector over the inferior
‘caval vein. | ”

The tip of a 22 gauge needle was percutaneously intro-
“duced in the femoral artery, and threaded as far as possible.
upstream._ The needle was fed by another PE50, 50 cm. long o
catheter (Fig. 9). If adrenalin was infused, this was ‘done
through thekjugular vein. |

| In almost all experiments the arterial blood pressure
was measured through a needle in the heterolateral femoral
artery. | |

Ths'pressufe_measurement was used tb ascertain the ef-

},fectsbof adrenalih, when infused, and to deterﬁine the per-
_1ods¢f relative steady state. Besides that, the pressure
. reading;'fhescofhéa rsflex and the color of ﬁhe tongue.were

used as indicators of the depth of the anesthesia.
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Fig. 9 Experimental setup

This figureishOWS the location of the two heavily col-
limeted,ecinfillation detectore (3,%), the two venous cath-
eters, one (6) used for the venous 1hjections of both tra-
cers, one (2) for the‘adrenaiin'infusion.' The intraarterial
needle (5) 1s threaded upstream in the femoral artery.

During the whole procedure the animal breathes throughl
an endotracheal tube, but when Xenon is injected, the ex-

_.haled'gasesvare pumped out of the room. ‘otherwise the dog

breathes in a cloeed'syStem with.COQ absorption and Oo sup-

‘ply'from a gas cylinder (1).




' Figure 9
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b‘vao_well}collimated sodium iodidevcrystals are posi-
_ tioned over the dog, the first one on the limit between the
_dtstal third and middle third on the 1line between the xy-
thoid processus and. the symphysis pubica, the second one SO
that its field comprehends the basis of the right lung and
the dome of the liver (Fig. 9). '
Each detectorvis connected to two single channel ana-
lyaers; bringing'the total of channels to four (Fig. 10).
vThe pulses in each'channel are subsequently collected and

stored in a PDP 12 computer.

The timing of the injections, performed by an inJection

dpump which 1njects and withdraws, was- controlled by the same
computer. We chose not to flush the catheter by injecting
- a supplementary volume, since the perturbatlon provoked hy.
' the fast infusion of large volumes would not be insiénifi—

‘cant. 'However,_if some activity remains in the catheter,

diffusion or leaking may.occur, which would render the shaped

of the injection function unpredictable, or at least inval-
{date the assumption that the injection of the tracer was a

delta function injection. Flushing the catheter was there-

fore performed by withdrawing a volume of blood equal to the -

1nJected_volume of tracer. The injection volume is between

"0.25 and 0.35 c¢ in all experiments, but does not vary in

any experiment. Injection time + withdrawal was less than

1l sec., - | | | |
Duringdthe experiment the dog's temperature (esophagal)

was maintained at 37°C with heating cushilons.
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For the”non;diffusable tracer ®°Mpc-labelled suifur
colloid (TestuloidR :Squibb) was used, and for the diffus-
able tracer 133Xenon, 1n saline. The activity injected was
"respectlvely 200 uCi of °9Mre and 300 uCi of Xenon.

In“a typical run there were 4 1n3ections
'al. Xenon intravenous |
'2}lenon intraarterial
;3; Colloid intravenous
f4 Colloid. intraarterial

If the experiment was followed by a repeat durlng adren-
aiin infusion the sequence was:
1.‘Xenon‘intravenouS' |
2. Colloid intravenous
3. Xenon + Coiloidwintraarterial

start adrenalin infusion
1. Xenon + Colloid intraarterial

2. Xenon ¥_Colloid Intravenous

Section 2. Data Collecting

_ The PDP—12'computer was programmed so that it could re-
ceive data from 1 to 8 channels, but in this set of experi-
ments we cons1stently used four (Fig. 10).

Before the start of the experiment, the time length for
each data point the time of day, and the time of injection
were fed into the'computerQ As the experiments proceeded,
"the time of 1ntegration could be changed the range being

from O 20 sec to 1 minute,
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 Fig. 10 ~ Schematic representation of the data collection

f;system

__The pulses cdming from the sodium iodide scintillation
hdetectors (Dl;,DE).are‘analyZed for,pulse height and selec-
ted»by’two singie channel analyzers (ANl,'ANE;.AN3, AN4) for
| each detector,'andhsent to a scaling unit (SC) in the PDP-12
‘computer,twhere they are collected in presetvtime in doubleA
pre01sion mode. | | | |

When the 1ntegration time is over, depending on a pro-

grammed variable 1nstructlon, the recorded counts are scaled

| down by a factor 2" and sent to the central core memory.
From there they are displayed in real time as count'rates on
- the cathode ray tube (CRT) display.

At the end of the run, the data stored in core are

written into a'magnetic-tape (MG TAPE), as are the times of

integration of all data points.




AN1

AN2
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ANY

MG TAPE
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CORE
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The Ceuntvrate in each channel was followed on an os-
cilloscope.écreen, where the time function of the four chah—
nels could also be displayed. |

:1 Wheh fhekexperiment,ended, the collected data were -
.transfefred‘te g'ﬁagpetic tape, which was then used for all
sdbsequent data haﬁdling. |

.Atxthevstart of each new experiment the-memory,Was
cleareé automatica;ly. Idehtification of the ekpenihen#sv
wee Obéained by run number, a value which,also definedathe

location of the data on the final tape..

Section 3. Data Handling

1. Smoothing and Cross-talk Correction

'Smebthing,-of regrouping of the data>is made necessary
becaﬁse of the time factor in the final curve-fitting prde
.gram. ”Leastesquare eubsequent approximation progfams tend
to befleng_in themselves,'and an unneCessarilyvlargevhumber
of data points becomes very expensive. The smoothing pro-
gram,‘devised.by’c.'T. Schmidﬁl(see appendix), is performed
- on the PDP computer itself, as is the cross-talk’cerrection.
The principie 1s simple. Data points are pooled until one
of the foilowing situations arises: (1) a preset time of
integration limit is reached; (2) a preset integrated count
limit is feached; (3).the next data point represents a couht
rate which differs by more than two standard deviatipns frem
the ceunt rate of'the integrated 1htervél up to that.point.,

At that moment, a new pool 1s started. When defining the
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'preset time and'counts;tcare must be taken not to "smooth
out" the functional form of the time function, especially if
'"peaks are. present. |

| In our method, cross talk, which is the influence from
one isotope on the count rate detected in the channel for
:'the other 1sotope, or from one 1isotope in one location on
:the count ratevdetected in another location, has a unique
- feature. v | _ | H

Indeed, although”the gammalrays from °°Xenon have low |
energy, andtdoinot interfere/with the'detection of. the high-
er energy gamma photons from ®°Mrc, the redistribution of
Tc colloid from the vein, at the start of the experiment
Vto the liver at the end, 1is bothersome._

Indeed,_as shown in Fig. 11, the cross talk factor
(channel.crossytalk) from esm_Tcin the lower.energy 133Yenon
-channel is time:dependent. The‘inJeCtion bolus, seen in the
figure as the early sharp peak, 1s localized entirely in the'
vein, well 1n the field of the detector, so that the Compton
'scattered rays do not in general reach the detector.' For
this,first‘peak;,the channel cross talk is small. However,
.as:more of the,tracer'is accumulated in'the liver, outside
‘of ‘the detectorisJView, thebdirect interactions_with the
ﬁacrjstal are relatively rarer than the interactions after
_scatterinsf'dﬂence; the channel cross.talkifactor seems to
dibe'higher, but is-indfact_a combination of channel and'loca—t
tion cross talk o | | | |

Furthermore, although the collimation tends to minimize
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Fig. 11 Effect of the redistribution of °°MTc colloid from
'Vein tb liver on the cross talk in the Xenon chan-

;:'nel of_the_vein'detector.

The fuil line is the count rate detected in the ®°mTc
channei of the vein detector. The first steep peak is due
to the passage of the 1njectiop bolus. The second part of
the curve is tissue clearance. v |

The dashed line 1s the count rate detected in the
133yenon chennel of the same detector. While the injection
bolus,'well centered in the field of the detector, gives
onlyvminimal crose talk, as the time goesHOn the influence

of liver accumulation is felt.
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thisneffect,.dubing’reoirculation’the "vein.detector“.de_
tects activity_ffom within its directvfield, which is not
'howevertlocaliaed‘in.the vein, but in the surrounding tis-
sues. This problem can be minimized, and when cross talk:
conrections were used, we did not take this into acoount
- Since, as we will see, there is no important recircu—
lation faotor for Xenon it would have been better had the
Xenon had the,higher energy. We have considered the prob-
lem, and in subsequent applicatiOns'We will usev11CH4 gas:
instead;of Xenoni” The COunting efficiency for this‘posi-
tronfemittingvisotope 1s expected to be better,_and further-
mofe,'since the Teohnetium-colloid remains in the liver, as
more injections are made, the higher 99mTC'energy increases
.the background for Xenon to 1nterfer1ng levels.

"Since our project was directed to solve a model and
find appropriate data handllng methods, in most cases wheni
possible, we did subsequent'lnjectlons of single isotopes,_
in such an order that the interferenoe of Technetium was
minimized._ “ | |

When the two isotopes were injeoted simultaneously the
following cross talk factors were used. Let Xij,kl be the -
cross talk from an isotopevcounted in channel jJ, Situated in
the field of detector 1, affecting the count rate in cnannel
1 from detector k " | |

To situate the matter:

1 or k are. 1: detector over veln

2:fdetector over llver
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'_Jﬁor 1 are f'l{}Xenon energy channelx
| | | "Q:ATechnetium energy cnannel

It is obVious'that

x13,1g ='1'_
Furthermore, - since 133Xenon has the lower energy photons

Xll’kg ='O |
A venous 1nJection of Tc- colloid at the first peak (Fig 7)
in channel 2 of detector l yields | |

X12 ll

X12,21

X12,22 | |
'While the value of channel 2 of detector 2 at the end of the
.experiment ylelds

X22,11

xe2,12

X222, 21
The corresponding factors for Xenon are found with ‘a single

‘intravenous injection of Xenon. The final matrixils there-

| Cxie,1 xe1,11 - xee,ll
1 o xep,a2
x11,21 X12,21 T x22,21
B x12, 22 o kw'_i

so that if (C) is the vector of the true counts in each_:
channel and (0) the vector of the observed counts i; N

o (X) (€)= (0) R B
A small proéram in the PDP library allows us to find the 1in-
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verse.ef.(X), or (X)”l, after which this maﬁrixris-applied
to the countS'eoliected in each subsequent injection of
mixed trecers (eeeiappendix).

(07}0) = (©) (3.2
2. Curve fittlng . |

The curves were fitted to the functions described below
by using Bremermann and Lam's (1970) optimization program.
The'eniy.change made' in theirvprogram~was to make the steps
proportionalvto tbe parameter value, and net‘absolute.

In what follows we will discuss the teehniques used,
(a) Fitting of the veneus curves: determination of the re-
circuiation parémetere..

We'aSSuﬁe:thebinJection to be a delta funetion injec-
~£ion. However, empirically we found that the time function,
although neariyvdLECOntinuous at time zero, as expected,
subsequently follows an exponential decrease. The vein,
1mmed1ately distal of the detector, seems to act as a first
order compartment. Furthermore, we assumed the central cir-
culation'time ﬁo prqvoke a slmple time delay tq between the
injection and_the appearance of recirculation. For both

colloid and gas the recirculation compartment was assumedvﬁo

be made up of two parallel first order compartments (Fig.12);

" The functional form assumed for the observed data de—
v pends of course on where in the model the detector is

placed.

For thnnrn11 a1l reanons it 18 eamsler to assume that the

'.detected'function represents‘the outputvfunction of the gen-
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Fig. 12 Model of the venous injection curve

The tracer is injected in a small compartment V, with-
rapid turnover (fractional turnover rate k) from where 1t
is distributed between two compartmentspin parallel, respec-'
-tively fl' to compartment l fa'! to compartment 2, but'with
Ia time delay to. | | |

E Those two compartments have a fractional ‘turnover. rate
of respectively Vl and V,. The .detector "sees" the output
©of V and of compartments 1 and 2 (shaded region), ‘hence the
detector "sees"

kV +. vl ql o+ v2 do
if the counting efficiency is the same for all the output
efunctions. _ »

B In reality this is not so, while the detector really
sees kV and a fraction of dy., and a fraction of o . For
those reasons the parameters fl' and f2' are replaced by fl'

" and f2 in the fitting function.
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eral ciréulatibh‘COmpartments, added’on the'output function
of the small, rapid-tufnover, venous injéction compartment.
In reality;9hbweV¢r,_Qne detects a fraction of the two gen-
eral dirculation COmpartments, but‘since>they do follow a
firét'ordér process, if the activity present is

qi(t) = e"V1®

thé‘outputvfuhction is

| ‘di<t) = vje~Vit

Héﬁcé if the data fo11ow'a'funct¥cn
| ,qi(t) = ke‘kt*fife'vit
one can fit asA: _

o ay' (t) %_ke"kt*fi'vie’vit | |
The model assumed for the data»fitting'is,sﬁown in Fig,w12¢
The observed function‘is therefore | |

A(ke‘kt + lag(tefo)kefk(t4to)*2fivie'Vi(t‘to). - (3.3)

where -
i ' ~exp[100(t-t,)/t]

1 - exp[l00(t-t,)/t]

lag(t-to) = (3.4)

t = ty, where t, 1s the central circulatignrtime
| k 1s the furnover 1h the small venous compart-

| ment | | |

Vl.and Vo .are the two cenfral compartments

£y and £, are the scaling factors for each of

~ them | | o
It appears,thatkéince'k is.large felative.to the integration
intervals, and,ﬁécause there is some 1mbrecisibn'about'thé»w

precise'time t =0, that f; -and févmay.be off by somevfaétor,
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-Also,-since’fé 1s small, the definition_of,vé is very back-
':ground—dependent Those two factors will be taken into ac-.
count'later. The parameters to fit are A k, vl, v2, fl,

f5, and to (see- appendix)

(b) The arterial data' recirculation correction

If the density function of transit times is n(t),

detected function 1s C | » SR
B‘_.n(tﬂ) +C lag(t-t,) n(t-tb).*Zvifie’Vi(t’to)] (3.5) |

where C 1is s_cOrreetion factor intrOduced‘to'acceunt for the
error in f, and f2. »

Note that the function ke‘kt does not appear in this
expression, since it is supposed to be specific for a local
nroeess arising with a rapid ihtravenous.injection. The un-
derlying assumption is that in the artery there is no ini-
tial deformation of the 1njection function.

~C.1is relatively easy to determine for the'colloid,v' | | !

since after'6 Ninutes all activity detected is recirculation

activity. Indeed, blood drop experiments indicate n(t) to

be near zero after a very short time. v ' e

v It would have been i1deal to be able to fit the.data
immediately to the final‘analyticalvexpreSSionrexpected of . .
n(t) | '

n(t) = Ai(e;ait ?e'bit)'

MW

‘however, no'geod_fit could be obtained that way. But at this

point the only concern 1s to find n(t) wilthout
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n(t)%Zvifi éxp(vit) interfering.
We found tﬁat it is easier to fit
Qn(t) = %vBi(t¥Li)e'bit + %g B, te™P1® (3.6
' : . 10
'Q'iSZOf'cdursé the normalization factor dependent on-the in-
Jected amdﬁht and the counting efficiency; and 1is reflectea
in the By's.
L; is defined as | |
| Ly = (by ty - 1)/by ” - (3.7)
where.tM is the time at which the detectedffunctibn reaches
its maximum vélue; ;Introducing'Li allows the first nine
terms to have'tﬁeir'maximum value at tM,vindependently of
their sldpé. ) | '_ » o
| This’tjpe of fitting functlion could ofAcQurse correé-
pohd.to a specific compartmental model. Iﬁdeed,-the function
_ : kate-kt .” o
is specific for’tWo compartments in serieé with the same

fractional turnovér rate k, since

-k/ﬂie“ (t-T)yge-KTar = k2 e-Kt ¢
)y} _ eTas .

However, we used the expression for n(t) simply as a smooth-
ing functioﬁ for the exclusive purpose of finding an analyt-

ical éxpresSion:for_the recirculation term in Eq.(3.5)

C l_ag»("c_—‘to)'n(t—to)*z‘,vif_i e-Vi(t-to)
The main featurc of the fitting functlon we use, be-

sides 1its smoothness and continuity 1is the fact that for the
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first nine terms the term (t-L;) will prevent oscillations’
while for the last nine terms oscillatlons are unlikely to
 appear if‘the_bifs_are evenly distributed, with decreasing
By values.when by deéreases. o |

| Thié indeedvappeared to glve satisfactory results. The
steep ascending part of the detected func¢tion is generally

weil fitted, as is the abrupt change in the first derivative

at tM'

There aré mofe parameters than strictly needed, and the
system appéaré»to lack,a unique solution: In general at the
_gnd of a Satisfactory fitting some values .of Bi are so small,
that in fact some of the terms are not used to fit the funcé
tion. However; since the fit seems to bé satisfactory, and
since'furtheﬁvanalysié is not based on thbsé fitting paféme;
ters, we'didvnot feel that this was an argument against the
method. v(see Appendix A) 'j o

-Indééd, once n(t)'has been determined as in'Eq.(3.6) we
determined from this function different data points at.dif--
ferent times. On those data points the fiﬁal analysis was -

performed.

_ *A sum of exponenti-als.ZAie'ait can oscillate if the A; terms
arc allowed to be'negaﬁive;' The derivative of the sum of ex-
ponentials ZaiAit e-ait  if Ay > O will osclllate if there is
a term J reaching 1ts maximum at time ty = l/avahen

ajhjt e 23%y >>va¥Ait e-21%y ror a1l 1 f J.
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'For'd(tj the same method is used, but for the féct that
C is simply transpésed.from the préceding, since d(t) does

not reach near zero values very soon.
| Correction'factors,-held between 1.25 and 0.75 are al-
lowed id'operate és fitting parameters on vi and Vo in the
fit on-the-daté from the colloid injection. During the fit
‘on the Xenon data both are held at the value 1.0.

The main point of this section is that since the ana-
;lytical exbressioh used to "deconvolute" 1s in no way re-
lated to the model, the method amounts to a smoothing of the
data,'béfore'the deconvolution. The difference with the nu-
merical.methods, which can aiso be carried.but aftef»smooth—-
ing, lies in the fact that in our case the functional fdrﬁ'
used does not yield oscillations in the tail of the decohvo—
luted function.

3. Analysis on h(t):.Bypasé and Tissue Perfusion Estimation
| As_mentiohed before, we found the data polnts defived

from n(t) to be well fitted by

?a_t _e~by?t
Ai(e_ 1t -e7P1"%)

=MW

Using Bremermann'and Lam's optimization pfogram, adapted in
'F, we first fit the parameters to n(t).. Subsequently, dur-
ing the same run, after 100 to 150 iterations, d(t) is fit-
ted using: _ 6
: 3 ~ast _-bst -a;t _-byt

Sd(t) = § Ayyy(e™@1% -e™P17) + i Aj(e”@1% —e77LY)

‘with the restriction that 0 < vy <1 for all 1.
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and that

Jo

During the first subsequent 100 to 150 iterations A, a,,

[Tage) at =1

by arevkepﬁ constant for i = 1,3. Follbwing-this; all par-
ameters aré allowed to vary without restriction; but for the
normalization conditions, and n(t) and 4(t) ére fitted si-
multaheously. | |
4, Analysis of the fitted functions
In this study the main objective was to determine the
bypass fraction 6f flow (a) and the tissue perfusion, which
has been defined as being characterized by the function
dy(t) and the mean transit time T,d.
| If the datévare indeed well fitted by the fﬁnctional

forms - 3 . 3
n(t) =}:“.'1_Ai[e_‘ait —e‘bit] 42(1_7i)Ai|;e~ai_t _e-bit‘J.
=1 1= |
s 6 v
(9 =) mas[e7t et o) ayfertit o]
=T : = | |

in such a way that the first term in each equation has been
maximized, one can consider this first term as the best es-
timate of the bypass with this method.

Since (see Eq. 2.39)
. o 3

(l—a)hl(t) €=:§z: ’yiAi[e'ait -e?bi?} |

=1
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énd _
| C on.(t)dt =1
T
- we have |
NE }'YiAi[e-ait - 1tlat = (1-a) (3.8)
o B o
1=1 | | |

'or_the‘bypass fraction. o
| The whole system is further charactérized.by fhe dif-
ferent transit times (Eq. 2.21, 2.22, 2.23). (see Appendix A)
.‘There is_é”global.mean transit tiﬁé for the non—diffus—
abie tfégef | | | o -

tn = F t n(t) dt
_\Jo .

and a global one for the diffusable tracer
o w |
- td =‘/1vt'd(t) dt.
Vo

Howéver,»when;bypass_is considered, one needs the mean tfén-
sit time in thé'bypass circuit (or alternatively for the

fraction of the diffusable tracer which does not diffuse).
- (3.9)

® -ast -
J[ YiAi[e éi -e bit]
o s

i=1
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Finally the'tissue perfusion parameter 1is
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T,od -_-f ‘td,(t)at = = . (3.10)
v o‘ | _‘Foo it . | _
Jo Ai[e 4 —e'bit]dt

i=

which.is the mean transit time for the fraction of the dif-
fusable tracef whidh did diffuse (out of the vascular bed).
Becauée of the popularity and wide understanding of the
stfict compartmeptal approach to this probiem we did also
, compuﬁe the meén'trénsit time of each of the parallel series
of. compartments as shown in Fig. 8. We bave therefore |
R f wt‘.Ai[e'ait -—e"bit]dt | ,
£, = , (3.11)

A Ai[e'a_it —e'bit}dt
\Jo |
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CHAPTER IV. RESULTS AND DISCUSSION

Section 1. Smoothing and the recirculation correction

In Flgdves‘13 a,b;égd,e we show some of the fittings
05 the.venous daté;_ The first steep paft of the curve is
the;component‘dgé to the injéctibn, or the output function

bof compaftment V in Fig..l2. It is fitted by v

’ Qre k. | ) (4.1)
IWhere'Q is fhe hbrmalization faétor and k:the fractional
tﬁfﬁover rate of théﬂihjéction cémpaftment V. Obviously,
éince'the;injeqtion itself takes a finite_time,(< 1l sec),
some”of the time seemingly spent in V.is reallylinjeCtidn
B tiﬁe, vHQweveﬁ, since in all experiments k was largéf’thén:'
30'm1n‘i;‘which is very large compéred to the cdﬁpénéﬁts
found in the,¢irculation sYstem; for all practical purposes
-the injéction_fuhctibn can indeed be considered‘as-a‘delta
funétion inJecﬁion.._This 1s even more so since during in-
ﬁraarterial ihjeétion one ddes not expeét to hévé a sméil
1ht¢rmédiaryvcompartmént at the 1nJectioh site.

~ The rest of the curve is due to recifculation. The -
model and equations used were discﬁssed;previously (Eq. 3.3
_and»Fig. 12). Sinée background subtraction 1s so critical
in the slope'detérmination, and corrections are appiied in
the’subéeQuent arterial fitting, we did not feel that bet-
ter fifting (at large expense) was necessary. |

-The_fitﬁihg‘of-the empirical smoothihg function (Eq.

3,6) and'ﬁhe'recirculation corréction applicatiOn for 1ntra-

arterial 1njection datalwas less easy. For the colloid the



118

Fig. 13 This $et'ofxgraphs.shows the data collected after
ihtravenoﬁs injéction“over the inferior caval vein as
crosseé, énd thé'l1he‘représenting the fitted functilon, for
- some of the éxbefiments. iAll'are plbtted.in semilogarithmiq
séalé., 1 - _ _ |

| | Figﬁfes‘i3a; i3b and 13d are from the 9°MTechnetium-
colloid 1ntfavénous injections,' Figures 13c and 13e are
from the venous:ihde¢fion of *33Xenon. |

| : In ali the'gﬁéphs-the first, Steep'component repfesents
the.output fun¢tioﬁ of the injection compartment.(represent?
edlas Y in_Fié. 12)._‘ |

. The_sldwer_ccmponents are due to thé~recircu1ationa

Obviously thé reCirculation”fraction is smaller for‘Xénon. 
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réciréulationﬁbecOmes a major portion of the curve. at a
| very early time: (Figures 1l4a, 15a, 16a, 17a, 18a, l9a) The
slope corrections, applied to the slopes determined during |
venous 1nJections, ‘combined with the scaling-correction, are
critical. : | |

For Xenon the recirculation factor is smaller. The
bulk of Xenon leaves the circulation. after the first pass
through the lungs (Figures l4b, le,vl6b, 17b, 18b, 19b).

'Since the'Smoothing'function isrrelated to the model
‘:only to the extent that it 1s a continuous positive function,
'it is not necessary to present the fitting parameters. How—
: ever, it is interesting to note that the fitting function in
this case had a. relatively larger number of parameters, but
that not all of them are always significantly used. . Hence
some of the Lv

(A tsai é'ait)
elements come out with such small Ai values that they were
“lost to the fitting.
| | The - data points were fitted to ‘
h(t) + h(t)*r(t) | o (k1)

as explained.in Chapter III. Once the best fit is found
using the smoothing function for ‘h(t), expected count rates
at different. times are determined. Those expected_count
rates correspond to ‘the count rate one would have detected
in the absence-Of recirculation, and'if{the.detection ef-
ficiency-andythehinﬁected amount would have yielded
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o @f o
[ Fe(tyas =2
Yo I
for-all the experiments and both isotopes.

In;other words,.theddata points so defined.are correc-
ted for.recirCUIation, and normalized. We did'already7point
out that thevfitting fnnction is empirical, and used,exciu-
vsively for smootninévpurposes, and to allow an analytical -
expression for the cOnvoldtion of the recirculation function
r(t) on-tﬁe first pass fﬁnction h(t). We also pointed out
that the fnnctional'form used has a redundantvnumber'of par-
ameters; and“is nOt related to the model finally_used. This
very redundancy allows us, at the same tlme, to fit easiiy
and to mlnlmlze the danger of model bias at this point.

The determinatlon of data p01nts from the smoothlng

functlon, after recirculatlon correction and normallzatlon,

corresponds in fact to what one would have done by smoothlng-

first and then performing a numerical deconvolution. The
analysis.in'terms of’the model used Can.then be performed

‘on those computed "corrected" data points.

Section 2;'Analysis of the "corrected" data

We have at some length discussed in the previous_chapé
ters-how different modalities could lead to the same fﬁnc-’

»vtional form for n(t) and d(t).

- The first point was ‘that if n(t) can be fitted by a sum

dof exponentials,'one need not necessarily feel committed to .

a.compartmental model for the intraVascnlar tracer. It is
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Parker (Parker, Dobson,'Hippensteele) uho pointed Out.that a
:combination of different flows, tube diameters and tube
vlengths could lead to many forms for n(t); one of them pos—.
'sibly a sum of exponentials. The likelihood of this may
seem remote. However, we did find consistently that the-v

corrected data for n(t) could be fitted by

vAi[euai --e"‘?it] S (4.2)

1=1

In Figures l4c,l5c, l6c, l7c, 18c, 19c those data points are
indicated as circles '
v The strict compartmental'model'corresponding_to.this
'functional form has already been discussed It is made of
three sets in parallel of two compartments in series (Fig 8).
We have already pointed out what the mailn objection to.
a cOmpartmental analysis for an intravascular tracer is: one -
cannot imagine:good mixing'—_a compartmental assumption -
‘in aerestricted number of compartments, since the number of
capillaries is. extremely large, and have not many direct and
"fast"* interconnections. B
| Besides the two modalities mentioned aboveiweldid.con;
sider a'different_interpretation. It relates to”the concept

of the extravasCular compartments in series. If a large

¥"fast" is used in the theoretical sense. To have good mix-
: ingione'needs passage from one to another in a short time

‘relative to the intracapillary turnover rate.
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fraction_ofithe time;spent by the tracer:in theisystem_is
_Vactually spenttin‘the'large vessels (of which there are
less) the compartmental concept may be less strained. The
_'two compartments in series are easlily imagined in this way.
We do not have of course direct evidence indicating |
which model does apply. But the good fitting to this re-

1stricted number of exponentials is. consistent enough to be

~.>undeniab1e

In Figureslihé;vi5c, 16c, 17c¢, 18c, l9c,'the corrected.
B data for d(t).arevrepresented as crosses.. As explained be-.
fore; thevmainbpoint'of the method is to fit as much as pos-
sible of'd(t) b& elements of n(t). We did thisdby maximia—n
ing the values of vy for which d(t) was well fitted by
3.6 | -

| .da('t-)."=ZiiAvi.Le*'a_i-t"-é_'bit]_+ ay et e'bi't] O (4.3)
There is no conceptual difficulty in considering that the
extravascular tracer 1s in fact distributed within a: re-
stricted number:of compartments. In p01nt of fact even this

_.restricted-number”of-terms_for the '"perfusion" term of d(t)

”V‘which'is: . .f' 6 o |
a(t) =y aglemt? V)

_.are not all, needed (cf Table 1I).
_ In the Figures e, 150; 1l6ec, l7c 180,'190 the line .
marked 1 represents the function n(t), which 1s the density

function of transit times for the non-diffusable tracer.
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'fhe line marked 2 represents the global density'functiOn of
transit times for-the diffusable tracer (4(t)). Line 3 rep-
resents the density function of transit times which is.com—
mon to both tracers (ny(t)), or the denéity.function of
transit times 1in the bypass clrcult. Fiﬁally, line»“ rep-
resents the density-function of transit time which is ex-
clusive for the diffusable tracer (ds(t)), or the density
funétibn of transit times for the tissue perfusion proper.
"The mddel impliéd here is of course that the three par-
allel networks of intravascuiar components are in connection
with three ¢common parallel sets of extravasculaf compart-

ments.,

Although one-to-one mappihg from the model to anatomical

concepts may be attractive, some caution should be used.
What one detects as a fairly simple function may be a for-
tultous combihation of many undiscernable complicated func-
tions. ‘The test for the adequacy of the model should not be
so much its anatomicai correspondence, but.its predictive
- value 1in functional determinations. However, the model
.should'not be antithetic to every reallstic anaﬁomical con-
"sideration; | |

Thus, since the functional form uéed to analyze the
"corrected" déta introduces some implicit assumbtions, in
what follows we will try to show how they are not contradic-
ted by_generaliy accepted anatomicél and physiologicalvcon-'

slderations.

The 1nterpretation.of the exponential fit for n(t) has
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-Legend to Flgures 14 15, 16, lz, 18, 19

The figures marked "numeral a" represent the data

vpointsh(orosses) and fitting function (including the. recir-

.cuiation oomponent) Q(n(t) + n(t)*r(t)) from the intraarter—

1al esmTc colloid injections. The lower 1ine represents the

recirculation component Q(n(t)*r(t)) ‘The figures'marked

;"numeral b" represent the same for the intraarterial 133Xe

non inJectlons.‘ Note how the recirculation factor
Q(d(t)*r(t)):is'smaller; and sometimes not shown because it

is-off scale} The figures marked "numeral'c" represent the

."correctedﬁ_deta-points*from n(t) as circles, and d(t) as

crosses. Line 1 is the best fit for n(t)tusing‘the function-

"alfform correspOnding to the model. Line 2 is d4(t). ,Line-3'
| 1s the best fit for (1 a)nl(t) Line 4 is the best fit for

ady(t) ..
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Figure 16c¢
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4already'been_discussed.

The.main poihtfdf_dur defiVatiOn»lies in the concurrent

fit of n(t) and d(t), so that’

n("t)
at)

(1-a)ny(t) + anp(t).

It

(1-a)ny(t) + ady(t)
Assuming that n(t) fepresents the densitysfuhction of trabs-
it timéSZﬁhrqugh'three parallel sets of twd compartments in
,series, the splitting into (l—a)nl(t) andvan(t) may be due
tb'duplicatidn Qf'each'of the sets, gettihg each respectivé-
ly a fractioh»yi and.(l—yi)'of the flow. This is the paral-
‘lel bypasé netwérk hypothesis, and is the model repfesented
in‘Figf 8. 1In this model there Ls no permeability in the |
bypass‘hetwork, éhd‘no diffusion limitatiqn'in the exchange
| networks;'

| But.thiS'éiact reduplication of the fractional turnover
rates_ihvthe bypéss and»exchangevcircuité is unlikely,.gn_
less onevdbes indeed accept that the two Compartments in
series-cornespond,to the ialgparteries and veins, The dup-
lication would then be at the capillary level,'wﬁere the
'residency time 1s too short to 1nfluence'the‘globai.transit
times (see legend of Fig. 5). In that che the independency
ofvdz(t) from ny(t) follows, as demonstrated in Chapter II,

Section‘3, because for all practical purposes the extravas-

cular compartments are in series with the intravascular ones,

with transit times relatively large compared to the transit
times withih the vascular compartments.

One has then to explain why in the eXpression of do(t)




149

one uses terms such as

Ai(]_?.t -e7P1t) ) |
which implicitly ‘assume two extravascular compartments in
serles. However, the term e~bi t, responsiblevfor the ascen-
ding pact of d2(t) may be not more than a earryover frem the
»intravascular pools. The data resolution however does not

allow us to ascertain that d,(t) could be better fitted by

- E !(1571)A1(e-ait'-e'bit) ekt

Alternatlvely, .one could assume diffus1on limitation in
the three parallel sets, so that only the fractlon (1-71) in
each of the sets diffuses into the extravascular compar§ment

_‘ The enelytieal form of dy(t) could be the same as in
the preVioﬁe eese.'-The physiological impiieatione are very
.different.v_The'choice of Xenon as the qiffuseble_tracer de-
ereasee tne'likelihood of any important diffusion limitation
, factor,.‘On_theVether hand, in this case the exact redupli-
cation of the slopes in nj(t) and ng(t).is immediately ex-
r plained, since:physiCally the non—diffusable tracer is not
di&ided betﬁeen‘different paths.

"A certain amount of diffusion limitation can be expec—’
_ted .on theoretical grounds when the density of the exchange
vessels is low, andvthus, this modality_of “functlonal by-
‘Lspass"'should_not be immediately rejected ae pOssibly_existing

in muscles,



. 150

Section 3. The model parameters

Table I gives the values for (1-a),.»h} pln?.géd’ and
Ea in 10 different determinations. | -

Experiments.3’to’7 were performed on different dogs,
~ without treatment.._Experiments 9 and 10, il andv12'are.on
bthe:Same dogs;prespectively_before and during adrenalin in-'
fusion (i gg/kg/miﬁ).

The paramebers are
(1-a) : the bypass fraction of flow
t. : ‘the mean‘transit time for the non- diffusable tracer
Ty : the mean'transit time for the diffusable tracer
Tin  : the mean'transit time in the bypass circuit
Eéd ﬁltne meanbtransit time for the tissue‘perfusion;

’Inﬁerpretation'of those values should be made in the
light of the following: | |

In one ancillary experlment Krypt:on‘Blm (Yano, 1970)
was injected in the femoral artery of a dog placed under the
gamma camera. EThe injectiOnﬂwas repeated during an adrenalin
infusion (l“pg/kg/min):- The 80 lens camera pictures (taken
at 0.2 min 1nterVals)'are shown 1in Fig. 20

The striklng fact is the redlstribution of flow from
the paw: to the muscle. 1In his experiments C. T Schmidt
finds the same. phenomenon, detected with microspheres.

_ However, there is some striking 1nd1vidual variation in

',dogs. Once in a while the flow, as detected by microspheres,

to the paw 1is lower, even before adrenalin, while the bypass

is lower.__ - _ ' ¢ g .
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Fig. 20. This figure shows the distribution of 8!MKr in the
leg of a ddg, after a short intraarterial infusion, before
(a) and during (b) adrenalin infusion. The pictures were
taken with thé gamma camera and an 80 lens photographic cam-
era. Shown here from left to right, top to bottom, in Fig.
20a and b are the pictures taken at 10, 20, 30, 40, 110, 120,
130, 140, 210, 220, 230, and 240 seconds. The redistribution

of'flow is manifest.
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C.-T;.Schmidt finds,'as Lopez-Magano (1969) does, a
large individual,variation in bypass fraction; In:general,
the bypass tends to be lower when the relative flow to the
paw is lower.

.v'-In“eufvexpefimehtsbit appears also that‘in geheral when
the bypase’fraetiontis.high, (and the flow_to the paw.eup-
posedly'highh'téd 135sma11. . The inverse 1s also true. How-
ever; in'the'two;eaees where adrenalin is infused, the ef-
'fect depehds ohvthe'pretreatment conditioh. |

.In case 9,:ahd:10, adrenalin decreases the bypass frac-
tion (.24vto ,67), but't2d goes from 14 to 88 minutes.

"eIn éaées il.and 12, theibypass fraction which was al-
ready 1ow, remainsteSSentially unchanged; while the erigi—
hallyvlbngetissue perfusion transit time decreases.

- Since the eim of this study was to demonstrate the
 feaeibi1ity'qf:thevmethod,‘rather than to apply it, the rea-
'soneforethe'individual variations in pretreatment eonditiens‘
was not ihveétigated. »Howe?er, the foliowing can be derlved

(l)'When‘bypass‘is»evaluated by means of microspheres
- (C. T, Schmidt), this amount of adrenalin reduces the byQ
pass, SOﬁetimee,'to zero. But this 1s structural bypass,
het funetionel, depending exclueitely oh'the_diameter of the
vessels, | _ |

 As we noted before, 1if difquion’limitatien is to be .
exbected,*it Will be in the muscle; with the low capillary
_density. Hence;'the probabllity to detect functional bypass

when flow is shifted to the muscles increases.
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Table I
Experimént."3Bypaés T, T, By Tog
Number_ﬂ. F€§Sg§9n min min  min min
3 165 1.00 1.82 = 26.32 22.27_ 

ok | ;107”» 1.18  1.08  7h.26  66.41
5 353 2.75 1.57  32.55 = 21.60

6 092 1.68  0.71  76.73  69.72
9. Lakg 0.9 0.28  18.80  14.18

10 .070 1.20  0.33 95.36  88.61
n 066 0.79  0.81  59.31  55.40
12 . _;116  1,62 1.73 34.63

 38.99

BYpass fractioh;fand-the”mean transit times for the non-dif-

fusable tracer (%t,), the bypass 61rcu1t}(€1n), the diffus- -

able tracer (ty) and the tissue perfusion component (tog) in

minutes.
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(2) Dobédhvfound that for sodium the turnover»réte 1n—
‘creased When‘adrenalin was infused. But his detecto: was
localized over the muscle. Sifnce in our method the turn-
QVér_ih_theiwhole 1imb is evaluated, a Shift df flow from
high turnover poolé in'the paw, to low turnover poéls in the
mdscle, can result in a global decrease in the turnover rate
evern if the turnover in the slow pool does increase,

~'(3)IWhén the fractional floW'to the paw was originally
low, adrenalin_cannot shift much more Qf ;hé totalvflow to
‘the slow muécle pool,Aand hencé, the incféaSe in turho?er
beCOhés appareﬁt; | _

| (4) This is consistent with the observation that in low
_bypéss_situations_the pretreétment state 1is characterizedvby
~1arger'véiues for Toq. | |

‘(5) Finally?:it appears thét the bypass fraction in
geheréi:iS‘émall enough so that the difference between Eéd

~and t

d,becomes negligible, in view 6f the biological varia-

tion.

| Noyspecialvrelatibnship was found Between Eh and Ein’
or éithef_of thésevvalues and (l-a).

Sincevinlcompartmehtal.analysis individualization of

the differenf'gbmpartments i1s important, we present in Table
'in the mean transit times for the different extravascular
compartments{j' .‘
_,_}'Ffom this table it appears that individualization of |
th¢ éompartments i$ impossible. Although this is in_apbar-

ent contradiction with Dobson's analysis, it was to be ex-
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Table IT

Experiment #| = 3 4 51 61 9110 11' 2

D B B 9 o |15 |8 |s |12
comp.l| £y | .001| .109 | .ou5 | .20k | .272 | .377 | .021 | .u12
- Vl/vf .oQo .075 | 014 | .026 | .217 Lo17 | .769 | .136

%, |26 |36 |24 |18 |16 |80 |150 |34
Comp.2| £, | .989| .049 | .129 | .108 | .499 | .009 |.033 |.376
Vp/V| .982| .050 | .098 | .027 | .430 | .008 |.08%4 .333

%5 |48 |70 |3 |105 |28 |15 |190 |97
Comp.3| £3 | .010| .843| .826 | .687 | .230 | .614 |.046 |.212
| v3/v| .018| .875| .888 | .947 | .352 |..975 | .146 |.531

In thié téble_the'compartmept pairs}for the tissue perfusion
- cbmponénts-are nﬁmbered in increasing order of tranéit times;
t, is the meén tfénSi£ time in each compartment pair (in |
minutes)’.flvthe'fraction of the flow gding to each parallel
set, and Vl/V the fraction of the total volume in each of |

the sets.




157

pegted; » . |
| Althbggh Dobson perceives shift in fractional‘flow, the
field_ofﬁthe détector.is maiﬁly muscle, and in this way he
detects only part of,thé system we do. Within the muscle,
FWhich is What‘hé mainlyvsees, the number of compartments may
be smaller, and better individualized than through the whole
limb.

waevér, in.our_case, as in the final_anélysis in his,
‘thé choice of thevnumber of compartments is empirical. Al-
lowing for some model bias, the good fit may-bé fortuitous.
It is indeed not difficult to see how

%‘Ai efait"may be satisfactorily;fittedfby

‘M e
% By e'fbit ~where M < N

in cases where'random error may cover the blas (see Appendix
N . _

Macroécopic heterogeneity was deménstrated already.
Considering Olson's experiments where closing and openingtof
capillary beds wéé strongly suggested, microscopic hetero-
geneity is-very-likely.

' At'this point the model should then:be re-examined. Al-
though there are reasons to be reluctant abdut using compart-

mental analysis, the use of the fitting functions

n(t) = 2 A, (e731t _e-bit)
l .
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and

w

. - : - t . ) - t -
d(t) =27y Ay (e ai -e bit)p+vﬁ Ai(e'ai -evbit)

o

'.assumes the following-

(1) Although microscopic heterogeneity does ex1st the
intravascular pools behave as three parallel pairs of’ two
compartments in series. | | |

_ None of those compartments is spe01fically localized
either in the paw,or the muscle. When adrenalin_is infused,
there is redistribution.of flow between the compartments,
‘but also redistribution of the compartments between paw
(skin, bone) and muscle._ A'

(2) Each of those compartment pairs represents in part
a fractionhof-the bypass circuit. ”

(3)Us1h8_the:equations from Chapter II; one expects
the same.fitting equation for the nutritive'flow, whether
the tissue compartments are in series with or simply an en-
' largement of the intravascular pools., - |

The way the data were fitted, the.six components-(3 .
pairs in'parallel of two compartments in series) may be al-
located in different fractions to the different intravascu-
lar pools. , _

(%) However;valthough no specific,location within the
vorgan is given to any of the extravascular compartments; ev—‘
idence was presented suggesting that slow turnover rates

‘were preferentially situated 1In the muscle.
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| CONCLUSION

In this work we were able to present a méthod allowihg
one to determine the.density function 6f transit times for
intraarterially injected'tracers._ Methodoiogically the main
vproblemslwere the recirculation'correction énd’the geometry
factor. We did show how one can,'by‘locatihg the detector
;overvthe efferent veln collect data which are.nOt influ-
‘enced by .time dependent geometrical redistribution within
the studied orgén; The double injection method for reéircu-
-lation cbrrection, using an empirical smoothing function on
vthe arterial ihjéction data, gave satisfactory resulfs.
| We were able to derive theoretically the conditions
needed.to describe the-density fractions éf transit times
for diffusable and'hon-diffusable tracers, 1n a manner al-
lowing one to determine the necessary .clrculation parameters
without undue reliance on any unique circglation model.

Our "generalized" model allowed us to define the circu-‘
lation in terms of bypass and tissue pérfusion pafameters.v'
Thevyélues obtained for those péraméters béfore and
'“during "ﬁreatment" were consistent with_observatiohs'made in

-dther‘experiments. '  |

However, the-giobality of the method, vs the markedfhef—
erogenelty of.thellimb, led to a relatively‘poor seﬁsitivity
to-éhangesi _Although we'were'ablé to see-changes.durfhg |
tréatment, the changes we did see were smaller than the
changesvéxpected at different places at the local level.

This is due to the fact that the global changes are the alge-
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braic welghted sum of local changes.

Increasing the spatlal resolution of‘tne detecting de-

" vice solves: this problem to some extent,i In previous work
(Goris,‘1969;'DeRoo, 1968, 1969) that approach was taken' for
vother phys1ologica1 systems. ' | | -

However, information about the bypass is 5atnered dur-
ing a.short time 1mmediately after injection.: At that time
1ocal detection, even -with high spatial resolution, does not .
:allow one to distinguish the fraction of tracer which is
being carried to_and from distal tissue elements, from the
fraction of flowcproper to the small region one detects.
| However,‘when'one considers how theboutput function,
d(t), is exclusively due to tissue perfusion, d2(t), only
from about five minutes after injection, an improvement of :
the method suggests 1tself.

Since, at the- ‘time, when most of the activ1ty in the
organ is due to tracers ‘present in the tissue pools, the
changes as a function of time are low, some.information‘
could be gained using high spatlal resolution, and low time
resolution detection, as one would have with the gamma’ camera.b

To conclude then, we did achieve the aims of this study.
_Thevmethod has features allowing us to determine parameters
of the.peripheral circulation which Cannot‘easily be deter-
mined by any other method The geometry independency,-the
recirculation correction independent of paired organs, al-
lows us to apply 1t 1n extreme pathologlcal cases, and to

unpaired-organs.
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Appendix A

The,éelection'of a model and the effect of‘noiée on parame-
ter estimatiqn-' | | |

) The use'ahd definition of models was systematically re- .
viewed Ly Berman (1963): 1If the aim of”the model is simply
'_to be descriptive,.éll one needs 1is a mathematical function
which.adequately predicts the observed values.A In this |
'"mathématical" model'non—ubiqueness of the parameter values
ddés not‘matter,v |

A special kind of mathematical model is the "transfer
function" model. Usually both input and output are specified
or observed, and the trénsfer function is dérived. The cri-
terion for success is not uniqueness, but the possibility of
deconvoluting the transfer function from the input and out-
put functions. | _v
The "physical" models are defined as fqllows:b If the

functions used are the solution of a set of differential e-
quatiohs, the coefficients of those eQuations represent phys-
ical entitles of'the'system under study. This model is
solved‘to.thé extent that the solution is unique for all the
ihdividual paramétens. The problem is, in general, not only
uniqueness but cénsistency or lack of‘model bias. The choice
of the model may bevbased on independent observations, 6r on
‘the déta_themselves.

. Finally, there 1is the type of model, which may be of the
mathematical or the physical kind, but 1is so chosen that

"treatment” consistently influences-a restrictéd number of
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parameters.

| In the body-Qf this work the different types of models
were used. Manifestly the smoothing and recirculation cor-
rection operations are an application of'khe "mathematical"
model of the "transfer function" kind. 1

'Hehce, althbugh good fit is a pre:eQuisite, uniqueness
lis not. The problem one faces is not to determine the indi-
“Vidual_paraméter-ValueS, but to estimate at which point “the
fundtion-fiﬁs fhevdata well and fitting‘to noise starts. In
this kind of problem the noise cannot be'fitted,:sihée, un-
like thé_datavwithout noise, 1t has no real convolution fac-
tof; | | |

~ The analysis on the corfected data, derived from the
preceding, has different‘aspects. If the only parameter de-
fined is the mean transit time (t), on ddta collected over
the‘entire time interval of-h(t); one could with minimal er-
-ror_detefmine f'bumefically,‘or from alsﬁOOthing function,
even if its indiViduéi parameters are not unique. The fit-
ting would then Héve been strictly mathematical, and the mean
'tfansit time is In essence a directly,obsérved physical en-
'_tity. | -

"In practice, hoWéver, since one did not cblléct data
over'the'Whoie time interval in which h(t) exists (and is noﬁ
~zero), the functibnal form used to fit h(t) influences the
extrapoiation"which‘is implicitly performed outside of the
.empiricai time interval.

The choice of one type of a function (in our case a sum
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of'exponentials)tis.influenced by physioal-characteristics
| assumed'or.independentlytobserved, about the system. |

- In our case We can assume that the diffusable traoer
'will be well mixed by the end of the experiment, and that
from then on the amount 1eaving the system will be simply re-
~lated to the amount present.

Therefore:even the most global definition_of a mean
transit time from a "well fitted" function 1s to some extent
physical'modeling;

But in'the integral approach the physioal assumptions
are'kept to a:minimum | The'numher of parameters relatedito
physical entities are restricted. They are the bypass frac-
tion and the mean transit times for both tracers in both |
pathways.'. |

Except for the extrapolation ‘those parameters could be
derived from any functional form for a fitting function, with

 the understanding;thatvsome additional assumption had to be
made regarding the splitting of n(t) into nl(t) and n,(t).
(In our data_howevervnl(t).represented_mOSt_of the-actirity
~at the early times, and.little error of cOnsequence can be'-
made in its estimation). . | |

Besideshthat this restricted number of parameters was
found to change under "treatment" in a fashion ‘expected from
1ndependent measurements and models.

| _One cannot,:however, feel very confident about the im-
plicit extrapoiation present in . the integral method in vieW'
rof Strehlowfs (1971) observations on thelfitting by different
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functional forms. He shows, i.e. how vy = e-t + ye-t/2 ang
yo = 4.89 e-t/1.699 4 0.09% do overlap up to at least t = 5,
but then start_to»diverge.

The.iﬁtegfal épproach has an error whiéh is more in-
fluenced by;the curtailing of the data collection than by
error in the individual data points (Zierler 1964). But if
the fitting fﬁnction is a sum of exponentials, the error in
thevtail will be 1ﬁfluenced by the error in the estimation
of the $ma11est.fa£e constants. The problem here is the same
 as in stfiét cpmpartmehtal analysis. '

‘Compartmehtal analysis should not bg performed without
11nvestigatingfthelinfluences of.noise and data truncation on
the pafémetér estimafion error, since the,compartmental mod-
el is sfrigtly a physical model. Howéver,}it‘is nOtqussib;e
to define the order of the model solely on the basis of the.
data, since.fOr dnyvmodel compatible with the data there are
degénerate models of highef order compatible with the data.
One can of-coufse assume that the physiéai model hasvthe
'lowesﬁ_ordef qompaﬁible with the data. Caliahan and Pizer
(i966)'did use a modified Fourier transfbfm, in the'presence
of noise and onfdatavof short time duration (relatiye,to the
'ihterval of the'function)., It proved fo be hecessary,to ex-
trapolate the data. The method works réther well when the
slopes are well-éeparated, and the nolse level low. But_phe
 noLse 1nkthe-dat§ bfovokes ripples in the sﬁectrum which
could be confused with‘peaRSvof low amplitude.

_Myhiil,_Wadsworth andlBrowneil (1965) investigated the
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effect of noise on the parameter estimation using a linear

-operator on a sum of two exponentials.. In this case the mod
el is defined before the data analysis. Still, with an er-
. rer of oniy 2% in the data (which is a high level of pre-
.cision'in mest biological tracer experimentS) theraccuracy
in the rate constants determination was 15% of the true val-
ue when they differed by a factor of at least two. The same
accuracy was obtained with 16% error in the data if the rate
eonstants_differed by a factor of at least six. The data
eut-off had to be so that the last data point was 5% of the
first one to separate rate constants differing by a factor of
two with a data error of 2%. v

Glass and Garreta (1967) did error analysis dn biologi-
cal data assumed to follow a sum of two exponentials, and |
found errors ranging from 5% and 13% in brain blood flow to
25% in bone formation.n However in those cases model bias 1s
not independently estimated |

The effect of data error was again investlgated by My-
hill (1967). The data set is of good quality, ranging from
100% at t‘= 0 to‘5p at the end of the collection period. The
model is simple: two expenentials. Parameter estimation was
performed by ‘a Gaussian iterative techniqne. |

'Withfa rate censtant ratio of at least four, the tech-
nique con&erged for data errors of 5% or less. The calcula-
'tedrerror’in the rate constants ranged ffom 2 to 85%, and in
the amplitude from 1 to 50%, for data error between 0.5 and

104%. The lesser rate constant and amplitude had the greatest

e
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"error.* |
- We found in our ‘corrected data that the average data
error (estimated from the least square) is 104. In the
case of the tissue perfusion fraction of the diffusable
tracer, the totai number of exponentials is six. However,
" since they are paired as Ai(e'ait _ 'bit) with by >> ay,
.(5e‘b1t is used exclusively to allow the function to rise),
:the mean transit times in each of the compartment series is
‘approximately i/ai.* Hence in»our case we are in a situa-
R tion close to a three exponential fitting.
From the results it appears that in most cases the
: number of parallel sets of compartments assumed in the mod-
ei is too large.‘ As an example in experiment 3, 98.9% of
thegflowigoes to a compartment serles which:comprehends'
98,2%‘ofvthe'totalvVOlume. vIn experiment-u, we find re-
spectively-83Q4% and 87.5%; inieXperiment 11, respectively
g2. l%.and 76 9%Qr . | o
One would expect then, from the preceding, that the
error in the estimation of the different parameters would

'.be large. This is supported by the fact’that the effect of

“the treatment cannot”be estimated on the individual param-

I.eters.

While these pages are written, Joel Swartz is finishing a
 Ph.D. thesis (U.Cc. Berkeley, Dept. of Medical Physics) 1in
i‘which_a theory and:algorithms permitting an estimation of
the error boundsﬁof}the parameters as a function of the -

nolse of the data, are presented.
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To COnciude‘then; we were well 1nspired'not to base _-

fthe method on strict compartmental analysis. Unless the

noise 1s decreased one cannot expect to uniquely define the‘

’parameters of a complex physical system. d;
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_ Appendix B
The Algorithms | o
}The différeht algorithms used are shown in the following
pages; 'GrOUping ahd cross-talk correction is performed on
‘the PDP_;le"coxﬁpgtep; the language 1s FOCAL-12. The algor-
ithmvfor'th¢ rec1r§u1at1on correction is the samevfbr Xenon

and colloid,'with the exception of the function F(Z).
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vElD(J)-vrquJl/(Iln
TFUYEXD () 1»‘4¢1145.z:.22
5 ¥EXR(J120,719191
2 YEXPUJI)BALIGIGEYEXPLINY
XEXO(J1aXEXO( J) IXL1)
TFIXEXO{1~ua200301190490491
IS {F LSRR DISVIVR R

1 KEXP(IIALOGIICRFXP (I}

bl

59
82

53
51

51

an

514
5

59

I CANTIVIE .
CALL PLATT1o192+0PsT2ZoYeXLABWYLAMT[TLE)
CALL- 2LIT (1420t elPeTZsYEXP8LANKALANKSCURY )
CALL 2LOM(192+1sIPalZsXEXP aBLANK #3LA K 9BLANK]
CALL COnexT
SPRINT 1111
D0 535 J=146)
[F{J=27)5)64536457
6 TZiJiatjerat)ee)
G TH 517
7 lF(J-)))S)é-%uB.iJQ
8 TZigrejot,=17,
L RLIEIT]
I T2iJrzse2,-6R,
O CONTINUE
vesn,
N9 A1Y1.xsdel0
[FIX=9151245174813
2°L1=12
rESI-(!lKoLI|OYZII$7ARTl-l.lIK((oLl]

B3 I0 Sle .
LR EE Y SR
TESTen,
“ C’)NY!‘(IF
VC‘VC")L'(()*TZ(JD'L(P((x)o'!(k’l.l)!'f(l.ll)
6= EOfF(()’IEST"l’Ilu.-xt(bLiH"l(JlI
1 CONTINE .
MEIEA (S RPN
PRINT 31@¢ TZ0JdisYi
S CONTINUF
oQINT Y11y
CALL PLOT ‘l.ltlvZ?.YZ-V.IAAR-VLA*)-YI'LEI
CALL CCNEXT
CALL PLDT (lelodea®ellareRLABYLAYWTEILEY
caL "JCANY

<rno
Fan

p ecircvlation

(.<: ont. ja)
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neAao

a¥a)

Dy pAAS .D@tirmlnetlon

PRUGRAM XATEL INPUT «OUTPUT s TAPE3=JUTPUTTAPESB=D1 WPLIT TA'DEJV)I_‘PLOY

s
COMMIN X106 1 oNs [PeINDsTZE3 0147 (33 9 XXL1U) oPARA(L2) ¢ ALFA
6ol TALLITESToSLIPEIL214PTEST
DIMENSTIN RIIIDIoTEILECOI o ALASTINaYLAI(3) odLANKT 319CIRVEIGS -
evF:p«370).:5;91110).4;x91;)o,
NN 906 13295,330
Yilial,
904 CONTINGE
ALFA=D, Y

X = ARRAY OF VARIABLES : . ’
N = NUMAER OF VARLIABLES -

1P = NUMAER JF FXPERIMENTAL POINTS TAKEN ALONG EACH >P:CTR1M

1T 3 NUMIER NF ITERATIONS

H = DISTANCE BETWEEN TrE PIINTS JF L-\uRANulAl INTERPJLATIJN

CURVIEYI AN,

ALANK( V)23,

TITLELA)®d.

XLAS(3180,

YLAB{Y) 2D,

READ 314s ITITLE(K) 92145}
READ 314s [CURVIKIeK=2145)

REAN 117 {BLANKIK}eKale}
REAN 31%¢ (XL AR(K)ekx102)

READ 311s (YLAR(K) eKz142)

2€AN 330N -

REAN 304 T

REAN )79, NREX

READ 3160

REAN 132+ INAQT

READ [N SPECTHA

1P=9
inzn
DI 199 J21s300
TIILIS
REAN 3200 TZLJIVLJIoINOERSTEST
[FCINDFX=1)2770200e201

200 In=17e1
60 10 293

291_111J1=r24J1-r\nqr

200 CONTINGE
[FITEST=3,119792026232

199 CONTINUE °

. 202 CONTINUE »

REAN 331 (PARALT}elxlsb )
REAN 301 (PaRALTIel=Ty1)

REAN 301 [XL1) o U = 1 N}

Ny et xatel?

Xicr1nBa2aic)
91 CONTINUE

PRINT JUT NDATA

PRINT 304
PRINT 325, (Xil1s [ = 1o N)
100 FNRMAT (141
101 FORMAT (6F12.T)
103 ENBVATIFT, 1)
303 FIRMAT(2FT43412¢F7. %)
104 FORMAT {93 £&TIMATFD VALHES OF X®)
208 FNARWAT (¢ By AFlL,TY
306 FORMAT (%0 CO4PUTED VALUFSE)
107 FORYAT (1Xe # 3 15 . e
138 FORMAT {2F20, %)
109 FORMAT( ¢ 843F13, 3.0 . 2F13)
L1 FORMAT () INITTAL FUNCTION VALUE 3¢¢ E20.10)
1Y FORMAT(241D)
116 FAIMATISALD)
MK FNQuAT(FA, DY
1111 FORMAT (M)
1001 FORMAT{#AYPASS FRACTION® oF14.b)

1002 FORMAT ( #SLIOF ANAPTNR 21 2F 16460
1703 FORMAT( #COHFFFICIENTS 242F1beb)
1006 FORMAT( #aARGIMENT FRACTION ¢4373,5)
1335 FOR4AT{#S.0PFS *12F1606)
1704 FHRYMAT ( $ANAPTTD RACKSRNIIND $AF12e5e20PM
1097 FIRAAT( #EXPERIMENT NUayFR 161
1008 FORVAT(» PF 15460

[SETLN

Sx=f,

Svan,

SXY=zQe

AN ann esreld

1=1PeKel

SX=SX+TZ{ N
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nA

TEYRSYSALIGIY T )
LIS LA S CRFANWRELY
SRYRSXYSIZ{ SV SALOGIYE N

822 CONTINUE

X7y, l(lq.'SlV'Sl'SV)/(lO-'SlX-Sl'SK)
X071 242%(X17))

SLOPE(T)=X(T1%{Da~is)

PIESTaX(T)

PRINT 302+ PTEST

X(91zX( 7187,

Xillt=x{7183,,

D0 801 Xzleb -

Jaln=Xas1

SreaxeTZ( 1
SYxeY+ALOGIY ()
SXX3SXXeTZU Iy "0
SXY=5XYeTZ{JIRALOGIYIJY)

801 CONTINGIF

SLOPEIS) . 3{4,#SXY=SX®SY)/14c?SAX=SX*5X)
Xi512ARS(SLOPE(S) /PARALSY)
5O 21 1T = 1e N

21 XX(1) = XU

1TALL=D

930 CONTINUF

2

2

2

SITALL=TTALL+L

FO = Fi2y

PRINT Jt1e F)

RESINNING .OF THE O?Ylﬂlllt{ou
PREMERMANN 'S
OPTIM) ZATION

ALGORITNE

NO 28 T=lsN- .
X(1yzxxit)
8 CONTINUS
PRINT 1111
PRINT 316e (TITLEIK} X215}
PRINT 1077+ NREX
DN 26 Krleh )
SLOPE(KI=X{K1#{Je~1e) #PARAIK)
6 CONTINUS
AN 37 KaTe1 2’ .
SLOPEIRKI=X{K)# (310
CONT INUF
N1 Jsleto
vran,
XCed.
INAFX 21
N P Kel VeSS
NN X2 FNNE A=
KNFC = INIFX-
LFLJ=101 3200
3 YCaYCHXIKI®
6TZ1 111
GJ 1O S

~

. .By pcaa

(Co;bt . ﬂ)

CEXPISRLOPEIK-INDEL) ITZJI) ~EXPISLUPE (K=KDEXI#

o VC*VC’!I()'!(K‘éI'IEK’(SLJPE(('INOEKD"l(Jll'EX?()L)?E(k-KDEXI'

TATIE MY

(c=x:‘F(<~1l'rEx?(SLOPEI<-INOExobi-TllJ))-rxP(SLO)eix-xnex.e»-li«J

61t
5 CONTINUE
I CANTINGE
YCeYOHXC
YEXPIJI=2YC
XFLO[ ) 2K
WEXO())sY =X
. PRINT 19, TZIJVeY(JIsYCoaEAPLIY s WFXP(J]
CONTINUF
ALFAzNTXI(1IN
BRINT 1771 ALFA
PRINT 1732 (2013402 1+ %)
PRINT 1332y (Xt1}el= 3y 61

-

1_74




Dyposs
_ (co n’c.v 2)

PRINT 17324 (X
PRINT 132 |
PRINT 1332y -
ORINT 1002,
PRINT 117113,
PRINT 145,
PRINT 124 (X(1)
YiuurzT,
INYTX=1N
DO 235 K=16e18
INDEX= TNIEX-1
CNEX2TNATY =)
MAMY 2D M e X (<) AL (G INIEX ) =SLIPFIX-KDEX )
6/1SLIAELL-KINN) BSLIPEL L= IEX) )
915 CONTINGE
PRIAMT 1 YI8, vy
PRiNT 1111
[FLITALL=319)09324901
302 CONTINGT ’
<4z S,
G0 TH D
951 TONTIWIE
VYLDV LALFARLIN I o +0 AMY )
ALFazAi_Fasnieay
D9 376 <=16s21.
X(Ky=X(Kyenray
08 CANTIN T R
[RER LTS )
30 397 J=[Te12 .
AN S ADMAY
YEXP[J) 2 (TP J) #DUMAY
XEXD Y SXD{ g} eDMAY
. AEAP (D) ZATKP(J) £DMIY
T 907 CONTINYE
ORIMT 1771, ALFA
SY =0, y
SY =0
SAX=Je
SYvza,
MUY=,
TEST=.
J=0 ,
MM 313 ¥=13415
FENES | -

SX =5X #X1K JH{1e/SLIPELL=-1)##2=1,/SLOPE(L )1 *%2)

SY =8y +X0K - ) #0],/7SLIPFIL ) ~1e/3LIPFIL-1) )

SKX  FGXX  +X{X+ V1811 /3 UPEIL+S)I*R2-10/5LOPE(L+6H) +#2)

BAY  2SXY eX(KeIIO[14/SLIPEIL+6) -1e/SLOPEIL+3) )

NJAMY ST JAMYSX (K 1R 14 /SLIPEIL-11222-14/SLIPEIL  )#32) X (Ke6),
: TEST FFEST wxiK  I®U14/3LOPE(L ) =1e/SLOPE(L-1)  14xX(X+6)

928 CONTINUA
Y1290

Y2921 =3XX/5XY
Y0293 ={DYMAY +5XX} 7 { TEST+5xY}
PRINT 132 ¥(292)
DRINT 1021, Y{20))
. PRINT- 12327, Y {732}
! ’ PRINT 1323, Y1293
' ) 2 1NT 1a2g
SN 1125
DO 323 K211
TNNEX=y¢
T=xw>" . .
PARAIK ) =835(SLOPF(11+SLOPE{I~1)}/(SLOPE(T ) #5LAPE( =1
PARA(L+3) = XA{K+12)#(SLOPE(TI=1)~-SLOPE(T /1 10004 Lo
. . 6*SLOPE([-1)#SLOPF( ) :
o ) DARA(X+61=PARAIK I #PARAIK+I) /Y (290)
- PRINT 1326 INDEXSPARAIK) ¢+PARA(K+I} yPARAIK+6)
922 CONTINUS T
PRINT 1027 .
LOECTER N £ YRV
INDEX#¢= )
Take> .
PARAIK ) =A8SISLOPELL) +SLIPE(L=1) 1/ {SLOPE([)#SLOPE(TI-11)
PARA(K+Y) 2 XK #12)#ISLOPEL[=1)=SLIPELTI )/ (L 1a~ALFAI®1700,
6*SLOPE ([ =11 2SLOPFE( )}
PARAIK+6)=PARA(K ) #PARA(K 431 /Y (292}
! . PRINT 10244 INDEXIPARA(KI +PARA(IK +314PARAIK+6)
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QI

322

1020

1021

1322
1023
1224
1225
1326

1027
1278

SONTINUF
PRINT 1028
NA 322 K=z1.1

Y poss
(Copf‘%\

TNNFXzY

A1 L =4

PATA(K) =ATIS(SLIPEITI+SLOPE(T=1) )/ (SLOPE(TI#SLIPELT-1)) »
PARA(K+3)1=2XIX+1B81*X(K+121*(SLOPE(TI=1)~SLIPE(L1)1/1 ALFA® 1900.
6RSILNAPE{ [ =11 #SLARF(T )Y

PARA(K+61=PARA(CI*PARAIK+3)/YI271)

PRINT 1726 INDEXsPARA(K)sPARAIK+3)4PARAIK+6)

CONTINYF :

PRINT 1111

FOAMAT ( 3/1EAN TRANSIT TIMF FOR INTRAVASCULAR ByF 15469 *MINUTESY
FORMAT ( #MCAN TRANSIT TI4e FOR BYPASS *eF15.69*AINJTES®)

FORUAT ( ¥MEAN TRANSIT TIME FOR PERFUSION
FORMAT (#4ZAM TRANSIT TIME FOR TOTAL NIFF
FORMAT( # COMPARTIAENTAL ANALYSIS)#)
FORAAT (# INTRAVASCUL ZR#)

®yF 15,0+ HAINJTESS)
®eF 15460 #MINITESE)

FORVAT( #COMP NRuw,[3,*“EAN TRNST T".F13.3-'MKN FRACT  FLOW®,

6F6.19 FRCT VAL %9F6e3)
FORUAAT (# T[33JF PERFUSION®)

FORVAT{* AYPARS #) o

Xil1z).=5.

Xt21=3n,

XX(1)=ALOGL0(160U4)

XX{2)=ALIG12( 2. 1) .

CALL PLOT(1s192s20XsXXsXLARSYLABSTITLE)
X212, .

XX{1)=ALOG1II110004

AX(21=4L0G1I(100).)

caL), CCaGN

CALL PLOT(1+2¢152¢%eXXsBLANK3ILANK +BLANK]
XX(11=4L0G12(129e)

XX(21=4L0G10(1004)

CALL PLOT(1920Ls29XeXXsRLANKsBLANK s3LANK}
XX(11=ALOG1)(1D,)

XX(212ALOG1D(13a)

CALL PLOT{1s2s192eXsXXsALANKsGLANK s3LANK)
XX{11=AL0R1It e

AX(21=2aL9510¢( 1)

CALL PLOT(19291920%XsXXsRLANK s QL ANK pALANK)
no 20 Jsi.le

I€(Y(J)=)e126925022

25 Y1J120.3371

© 22

23
.24
Ul
912

9N
914

Y{JI3ALAGIIIY I JY) |
CIFIYEXD(J)=34123923426
YEXP(J)293.00001
YEXP(J)=ALOAII(YEXP(JN)
[C{XEXO( 11=)e)19119911712
XEXO( 1)=7,001
XEXP(J)=ALOGIIIXTXPLJY)
CIFIWEXP(J1=041913+913,914
WEXD(J)=34271
WEXP(J)=ALOG1 I (WEXP(J))

20 CONTINUE |

909

a0

CALL PLOT{102+2+1P«TZsY+3LANK+BLANKCURV)
CALL PLOT{12s1+sID4TZsYEXP4BLANK s BLANK s CURV)
00 915 J=ITsI?P

Y{J-IT+1r=aYEXP(J)

TZUJ-1Te1 =170

CONTINNIE

IN=1P-1T

CALL PLOT(1425151DeTZsY+aLANKs3LANK, CURV)
D0 209 J3lTet0

Y(J=1T+1)=XFXD( 3}

CONTINUE

CALL PULITI1e241+1DeTZaY+ALANKoS3LANKsCURYY
DO 21D JsITet?

YUJ-1T o) =nEXP( )

CONTLNNE

CALL PLOT{1+2+101D¢TZ0Y»QLANK»ILANK,CRY)
CALL CCRND

ORINT 124 (XX([)el=1sN}

3T0P .

END
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~

2

a2

43

4«6l

406

L}
92
Al
82

Zj for ><’@'QOD': dato.

FUNCTION F(2)

COMMIG XTT1II eNs [P Y (33019 T2(307) o TLAG THORTEXPUIPARALG) sCOEF (20}

GePLIMITSISTAR S [STAP XX 4 [ TRY JRET
6+RSLIPCAXND

20 3) Kalesd
IFEXIK)-74)333)3711924974G)
X(KI1=),3021037¢

CONTIN IE :
IFEITAV-1161954309402
TFIITAY -1 438 44310005
IV 13T98

ina=g?

N 67% (n2ek
Xixyzextey
X(C+3}=(X(K+T)

XK+ Thsxia2)y
XLC+AP2XXE+3))
CONTINGE

59 T2 6%

Ino=1

I STES AR L]

0D @17 K=7,110
YiQr=NelK

XK+ zXXIKeI)
(eI =X {21
X[X+1) =L (K+3T)
CONTINUE

63 Y sue

CONTINUE

1™z

[na=12

COANT NS . .
nA ad vsltere
TFIX() =101 1A1+82482
Xi€iz1.01
[FIX{KeP1)=1418208J482
X(CeIltzla

CONTINUE

CHFOXEa)1=)415193432592

ER}
Q2

87
95
an
39

1

>

161
40

37
ALY

13
65

2

a

X1601=1,15
CoMTINIE

IF{X{a})-XNO136s86487

Xfal1sXND .

TFEX(41)=)a1)1R8,89439

X(611=,1 .

CONTINIE - . ,
Sx =0 .
M .
Xy EL

SXX=0

7Y 18 [=1.12

JelDalsn

EL EES SIS A W]

SAKaTLiJ)Ier) AR

SY: (ALIGIY () =X4al)1-ALD:
SXT=(ALOGIYE Y ~Kial)y~AL
CONTINIE
X{19)2({1)e#5XY=SX#5Y) /{SXK#10~SK¥SX)

(TZUIn *5¢
[(RrAWIRNL AP AN} #SAY

X(19)=4S(X{19})1.

NN K214 N
AF{X(K) =0, 141001940
X{K12d,1

CONTINIF

NN 65 K=2lsbhe?

N0 36 L=l .
TFIXILI~PARAIKIY 36437036
X(L)12N, I#OARA(K)
CONTINUS

DO 65 L332+40
TFIXIL)=PARAIK}IIES 456145
X(L 120 ,9e0424(K)
CONT[NUE

0 73 K=2122
X(K)zXX (K}

FANTINGE

ShiM=.

N0 KL <2210

SUMSIMe KK+ ) /IR
SUMsSIMeX{K) Bl 2e"
CONTINTIF
LFLSUA-).1TBe7Ra04

S M= M Vet y}

X(K+Q)# T2 I3TART I ZX (e
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1A

62
69

520

24

5

26

42
27
43
X3
45

&6
67

31

v

33

~N

(S RV

6

TF{ QM=) g 183¢A94 )

CONT 1w
r\ﬂ s 7:‘).\’\

X{Ky=x(¢) g 78U
x(<¢71|—x(<¢’1|/<uv

CONTINGUE
CONT [NE

NN /AN (=149

CHSF(L =X+ 18X (<1}
CIEFINeD I =XIX+22)#X (K431
CINTI\LIF

2L

NN 42 ¢=141A4

lF((—))?hoZé.ZS

Lliz1n -
TEST=2(X(K+LII#T2Z(ISTART ) =1 3/X{K+LI}
G0 T 24

Li=22

TF3T20,

CONTINIE

YCs vcocor:(&)tsllIarA(T)ocxP((u.—xl(oLl))OTlllsrARI))
6~ CJF=(<)'T¢Sf"XPI(J.‘X((rLl))'Tl(l:TART))
CONTINUF

IF(YC=3412796T7027

CONTINUE
DJ||v-).9-«14I:rA2r|-x(ulll/vc
TECX{1Y=DMMY 1 a3 snbetss

X(1)= My

NUMMY =1 L4t ISTART) =X (411 /Y]
1=(x(‘p-n1uwv»¢6.a6‘a:

X1 =D avy

CONT (K

CONT{E

SiM= ),

LLIEERPS LR TS R

¥C=1,

Y0 2 K=1418

IF{v=312] 4317472

Li=12

.:»r-«xcval)-rz<1>.117;- .)/x((oLl)

BN oA a9

1L1a>2>

TEST=).

CONTINUE
YCIYCHCIEF(KI#TZLIVRTAP{ Do~ XIR+LIV)I*T2(J))
6-COEF(CH*TESTRIXP({Je=X(K+LI))*TZ(J})
CONTINUE .

DUMMY=TZ (J}=TNORT

TFITZU31=T41365073

DUMMY S MY T2 ()
RECZEX2[EXPI2DUMAY ) /1 1o +ZXPLEXPO®IUMAY))
DAY = A%blTZ(J)-fiJRT)'(?--ln

X=n,

N0 6 X=19392

DO 6 L=1e¢l8

IFIL=3172,72473%

> Ll=1n

YESY-IX(L‘LIl'TZ(lsz?T)—l.)IX(LfLIl
GO 10 .74

Li=>2

TESTaN,

CORT INVIF
'XC=XC*X(li'COFFlL)'PARA(K)'XIZJ)'PARA(Kol)'
BLEXP (DUMAY #PARA(K+1 )

&-EXO (D raMy XL+ [1).
6075%?'(X(L+LI)—PARA((vl))‘EXP(Ouﬂﬂv'llL#Ll)I
6-TESTH*{X(L+LI)I-PARA(K+1} ) #EXP(OUAMYZPARA(K+]1)}
GHEXP (D JAMY S X (L4L 1)) DAY R (X{L+LT I =PARA(K+]) )}
6/ 1{X{L+LTII=PARA(K+1IIE(X(L+LI)-PARA(S+1I )

CONTINUE

XC2XCHREC

XCzXC+X{al)

Yesvewxil)

SUM=SUH¢((XC¢YC-V(J))/V(Jl)"2
CONT IN!IF :
£ 2 Qv
RETURN
END
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40

F(Z/ for Colloid d

FUNCTiON FIL2)

COMMON X{ 1311 eNeIPsY (3740 TZ1D}aTLASG
6ePLIMITHISTART S 1STOP XX{1U0)e1TRYRET

6+RSLOPE +XNO

402
490

“08
406

87
86
88
89

[FIITRY=11637,4714692
IE(TTAY=116%5,671,605
CONTINUE

1002

1na=1e

40 10 66

CONTINUE

100=1STOP

thas1e

NO 41T .K=2e1Q
X{KY2XX(K}
XtC+21)=2XX{C321)
CONTINUE

S0 10 436

CONTINUE

tnhn=1

1na=te

M 628 K=23.27
X{graxxix)

CONTINGG

CONTINUE
l‘(x(«ll—xNOlee.36.37
Xta1)=XND
TF(X{411=241178,89.92
Xtel) o1

CONTINUE

. N0 21 K=21420

20
21

23

at
[

9

T

92
90

37
36

66

L1

6

P

78
6R

62

IF(X((!-I 25121421420
XiKyz1,2

lF!X(()—J 75122423423
X(Ky29,75

CONTINUF

DO 43 K=14N

AR ULSEF TS FES RT3

XKy, 1

CONTIN'IF
PARAI21aX{221#RET
PARAI4)=X{21) #RSLOPE
Nno 99 K=12+62

TEST=PARA(2V 01,1 A2.5

IFIXIK)=TEST191493+93
XtKyaTEST |

IFIXIK~21)=TEST)924+97,90

X(x~211aTE8T
CONTINUE

DO 65 K12s4s2
NO 16 Lzi1s19

lF(X(Li-PARA(Kl)Jb-}Y:?G

XiL)ad,9%PARA(K)
CONTINUE
DO 6% L=12+40

IFEXIL) ~PARA(IK) 165466165

X(L)2D.74PARALIK)
CONTINUF
Simzn,

DO 61 K241
5UM=§J”AX(<"])/‘(K‘10!
SUM=SIMeX (K1 812, ~
CONTINUE
IF{SUM=04)1784+78,68
SUM=SUME (T -1,)

CONT INUFE

NO A7 X=x3,10

X{Ky=X(K}
X{K+21 ) =X(K+21)/5UM
CONTINTIF

DO 530 K3le9

=3

50

24

COEFIK ) 2X (Kol )#XIK+1D)

COEF{K+712X(K+22)#X(K+31)

CONTINUF

Y¥Cs0.

ND 42 a1 1A

I‘(!-O)’h-?h-’ﬂ
=13

TESY'(X(K»LI)OYZ(!START)-X.)/K(K&LII

.60 TH 26

25,

26

%2

27

L=
TEST=I,
CONTINUT

s TNIRTSFXPIPARAIE) 0 INEF(20)

XEK+I I #TZIISTARTI)I/X(Ke9)

VC=V"CO‘F(KI'¥Z(lSTART)!EXP((Q--!I(’LI)I'Tl(ISTARY)l

CONTINUE
1FIYC=3412T467427
CANTINTIF

6-COEF(K)#TESTHEXPI{Da=X(K+LEI)I#TZ{ISTART))

@Y

G
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3
o

&

5
“6
47

28

29
W

DAY I PRIV CISTART ) =X (41} ) /YC
TFEX{11=D034704% 50044

XC1red riur
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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