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INTRODUCTION

There are two distinct types of preparation
for studying blood flow and perfusion in the
canine pancreas. The fust is the in vivo gland
which can be examined in either anesthetized
or ambulant dogs. Both flow and perfusion
are under the influences of changes within the
pan creas and of external stimuli, including
nervous and hormonal factors. Investigators
have evaluated blood flow and perfusion in
the gland and the changes that occur in various
metabolic states or following the administra-
tion ofhormones or drugs. In the second type
of preparation blood flow is controlled artifi-
cially, so as to allow measurements of other
parameters in the in situ or ex vivo gland In
1926 Babkin and Starling [4] described prep-
arations ofboth an in situ and an ex vivo gIand
Since then many modifications have been de-
veloped of both fue preparation ~ the model
and the maintenance of flow or perfusion [1,
9, 19, 34, 35, 38, 39, 49, 50, 55,60,66,74].
This review is entire1y concerned with evalu-
ation of the intact gland in the living animal.
No further consideration is made of prepara-
tions in which blood flow has been maintained
artificially.

Methods of measurement of blood flow
evaluate either total blood flow to the gland
or tissue perfusion. B10od flow is a measure
of the amount of bl00d passing through an
organ, but does not indicate if all or onIy part
of the volume recorded is available for tissue
perfusion. Any blood passing through an ar-

teriovenous shunt will be included in fue
measurement although it does not pass
through fue capillary red. Tissue perfusion in-
dicates the volume of blood which actually
passes through fue capillary bed and therefore
represents tissue perfusion. It does not include
any flow that passes through an arteriovenous
shunt. If, however, fue entire blood flow to an
organ participates in tissue perfusion, mea-
surements of"flow" and "perfusion" will have
equal value.

T o measure flow in fue canine pancreas it
is essential to be familiar with the anatomy of
the blood supply which has been demonstrated
to be from three main sources (Fig: 1) [17, 35,
42}. The su~rior pancreaticoduodenal artery,
one of fue two end-arteries of fue gastroduo-
deDal artery, supplies fue head of the giand
and part of fue body and uncinate process.
Branches of the splenic artery supply a portion
of!he body and tail, and fue inferior pancre-
aticoduodenal artery, arising from fue superior
mesenteric artery, supplies part afilie uncinate
process [35, 42]. The degree to which each ar-
tery supplies an afea is variable and anomalies
occur. It is important to be aware that part of
the flow from the superior and inferior pan-
creaticoduodenal arteries supplies fue duo-
denum through !he vascular connections be.
tween the head of fue giand and fue duo-
denum.

This review examines blood flow and per-
fusion measurements in fue canine pancreas-
first in anesthetized dogs and sUbsequentIy in
ambulant animals. It is difficult to compare
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FIG. l. Blood supply of canine pancreas.
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some recorded measurements of blood flow
with others, as flow has been variously ex-
pressed in ml/min, ml/min/l00 g pancreas,
and ml/min/kg body weight. Some authors
have expressed pancreatic flow as a percentage
ofthe cardiac output to eradicate any discrep-
ancies that mar be due to differences in the
cardiac output; unfortunately not all authors
have measured this value, precluding the
comparison of pancreatic t1ow in these feIX)rts
with that in others..

1. ANESTHETlZED DOGS (T ABLE 1)

Measurement of 8Iocxj FIow

Plethysmography. This was the first method
used for assessing blood flow in fue pancreas
[24]. The technique measures the volume of
the pancreas by placing it in a flexible fluid
filled container. Changes in blood flow are
then assessed by measuring changes in volume
of the gland. Severa! authors have used fue
technique and recorded changes in blood flow,
although no specific values were given [2, 16,
24, 48].

There are severa! drawbacks to the tech-
roque: the measurements are ofthe volume of
fue gland and not flow [14] and the interpre-

~--

tation of changes in blood tlow following
changes in organ volume can be difficult [3,
73]. In addition, the pancreas, due to its an-
atomical configuration, is not an ideal organ
for volume measurement [48].

Stromuhr. This technique measures tlow by
directing the blood into a chamber of a known
volume. The time to fill the chamber is Qoted
and the blood is then permitted to tlow back
into the animal. This method has been used
by severa! workers [5, 8, 11, 26, 67]. Herrick
and Baldes [37] described tlow measurement
~ith a thermostromuhr. The principIe used is
that when heat is applied to the blood in a
vessel the temperature increases-tlow can be
calculated from the late of change in temper-
ature which is measured with a differential
thermocouple applied to the outside of the
vessel [62].

There are severa! drawbacks to the tech-
Dique. Eichelter and Schenk [17] point out that
the measurements are qualitative, indicating
direction of change, and are not susceptible to
accurate calibration and quantitation. Also,
substantial surgical manipulation afilie giand
is necessary [14].

Measurements taken by plethysmography
and the stromuhr aIlowed early workers to gain
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blood that escaped from a pancreatic vein.
Both Anrep [2] and Weaver [75] observed
changes in rates of flow but no numerical val-
ues were given for actual volume flow.

Kanazawa el al. [40] measured flow from
the superior pancreaticoduodenal vein in fue
heparinized dogo Control flows varied from
0.69-1.22 mI/minjkg body weight. As fue flow
is recorded inrelation to body weight it is dif-
ficult to compare fue measurements in this
experiment to those in subsequent investiga-
tions.

Hermreck el al. [36] measured fue venous
outflow from fue head ofthe pancreas after it
had been isolated from the duodenum. üp-
erative details were not given, but flow was
recorded as 44-59 (mean 51) ml/min/l00 g
in eight control dogs, fue measurements being
taken ayer a 4-hr periodo Mandelbaum and
Morgan [47] measured flow by collecting
blood from the superior pancreaticoduodenal
vein. Once fue measurement was completed
the blood was reinfused into the femoral vein.
To ensure all venous outflow occurred through
the superior pancreaticoduodenal vein, a sple-
nectomy was performed and the inferior pan-
creaticoduodenal and "pancreatic veins" were
ligated. No specific mention was made of fue
pancreaticoduodenal vascular connections.
Mean flow in different groups of dogs was re-
corded from 9 to 25 mI/mino No measure-
ments of pancreatic weight or cardiac output
were made-it was therefore not possible to
express the flow in ml/min/lOO g or as fue
;Jercentage of!he cardiac output distributed
to the pancreas. Pissiotis el al. [56] measured
flow using the same preparation and found
mean controlvalues to vary from 22 to 24 ml/
min in different groups of animals. No mea-
surements of pancreatic weight or cardiac
output were made.

Frogge el al. [25] recorded a mean flow of
87 mI/min/l00 g. In their preparation flow
was measured by collecting blood from a can-
nula placed in fue superior pancreaticoduo-
deDal vein after excluding the uncinate pro-
cess, neck, and tail afilie pancreas, leaving the
head afilie gland alone. Vascular connections
to the duodenum were ligated and divided.
Lau el al. [44] measured flow from fue superior
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pancreaticoduodenal vein after dividing fue
OOdy of fue pancreas from fue head and un-
cinate process. Vascular connections between
fue head and duodenum were divided and fue
inferior pancreaticoduodenal vein was ligated.
Mean flow was 44.3 ml/min/lOO g.

Advantages of this technique are that it is
a direct measurement of flow; multiple esti-
mations can be taken in each animal, which
can therefore act as its own control. The
equipment required is simple and inexpensive.

The disadvantage of the venous collection
method is that considerable manipulation of
fue pancreas may be required [14]. In addition,
fue internal venous drainage may be affected
not only by manipulation of fue gIand, but
a1so by ligating part of the venous outflow,
which may alter fue normal blood flow pattern
within fue gIand, a criticism which could be
applied to all the preparations described. The
technique may also determine only a part of
fue total flow from an unknown fraction of
fue organ [14], although this problem may
have been reduced in the model described by
Frogge el al. [25].

Eleclromagnelic flow melers. F1owmete~
work on fue basis that an electric field is in-
duced when a conductor (such as blood) passes
tbrough a magnetic field. The electric fiela in-
duced is proportional to fue magnetic field and
to fue velocity afilie substance passing through
that magnetic field The voltage produced can
then be amplified and measured To use this
technique in fue canine pancreas, a "cufr'.
type probe has been placed around the vessel
supplying the gIand. Within the cuff a mag-
netic field is produced between opposite potes
on either sirle ofthe vessel-at 900 to the field
fueTe are electrodes which measure fue voltage
produced. This voltage can then be converted
to a volume flow rate by taking into account
fue diameter of the vessel.

Eichelter and Schenk [17] were fue first in-
vestigato~ to use this method for measuring
blood flow in the canine pancreas. Difficulty
with this technique arises because fue pancreas
is not an end-organ and receives arterial blood
from three sources, two of which also supply
fue duodenum through the pancreaticoduo-
deDal vascular connections, as previousIy de-
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scribed. It is therefore neceSiij to isolate spe-
cific vessels and regions of the pancreas for
study. The degree of isolation of the blood
supply has varied greatly between workers. Ei-
chelter and Schenk [17] recorded normal flow
as 12.0-33.5 (mean 21.4) ml/min, or 0.46-
1.37 (mean 0.85) ml/min/kg body weight.
These values were achieved by placing a flow
probe around the superior pancreaticoduo-
deDal artery. Accessory vessels, which included
the inferior pancreaticoduodenal artery and
branches from the splenic artery supplying the
pancreas were ligated. They did not devascu-
larise the duodenum from the head of the
pancreas. Cardiac output was not measured.
Donaldson el al. [15] used a similar prepara-
tion, the only difference being that blood flow
through the superior pancreaticoduodenal ar-
tery was measured with a probe placed around
the gastroduodenal artery, the right gastroepi-
ploic artery being ligated. In addition, cardiac
output was assessed with a flow probe which
was placed around the ascending aorta. Mean
pancreatic flow was 43.9 mI/mío, representing
2.9% of the cardiac output. Using the same
preparation, the mean percentage of the car-
diac output being distributed to the pancreas
in different groups has been reported as 1.62-
2.67% [68] and 1.28-2.27% [69]. Absolute
pancreatic blood flow was not documented in
these two publications, but from the original
data in 42 dogs the measurements ranged from
12 to 80 (mean 33.8) mI/mino The same model
has ~n used by Wells and bis associates-
in two groups of dogs the percentage of cardiac
output distributed to the pancreas was 1.4 and
1.8% [76] and a mean value of 1.65% in five
groups [77].

Rappaport el al. [61] removed fue body and
tail of the pancreas and divided fue vascular
connections to the duodenum, leaving the un-
cinate process supplied by the inferior pan-
creaticoduodenal artery and drained by the
superior pancreaticoduodenal vein. Flow was
measured with an electromagnetic flow probe
on the artery which gave values from 10.0 to
15.6 ml/min/lOO g. Cardiac output was not
measured.

Papp el al. [53] measured flow with a probe
on the superior pancreaticoduodenal artery.
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No vessels in fue preparation were ligated, but
a cannula was placed in fue gastroduodenal
artery for administering drugs. Cardiac output
was not measured. Pancreatic flow was re-
corded as 14.7-29.6 (mean 22.1) mI/mino
Fischer el aJo [22] measured flow using fue
same experimental preparation as Papp el al.
[53], but without a cannula in the gastroduo-
deDal artery. Mean flow in three groups varied
from 57 to 63 mI/mino From preliminary
measurements of vascular diameters they cal-
culated that over 90% of the superior pancre-
aticoduodenal arterial flow reached fue pan-
creas and that 58 :!: 2% ofthe pancreatic wet
weight was supplied by fue vessel. From these
questionable calculations they detennined
flow to be 200 mI/minI I 00 g.

Lefer and Spath [45J measured flow through
the superior pancreaticoduodenal artery after
occluding the superior mesenteric artery and
the pancreaticoduodenal vascular connec-
tions. No part ofthe gIand was removed, but
a clamp was placed across the body of fue
gIand, thus isolating fue distal part ofthe body
and tail from fue rest of fue gIand. Flow was
recorded in two different groups of animals as
45 and 50 mI/min/lOO g. Knol el al. [42]
measured flow with a probe placed aroúnd the
gastroduodenal artery after ligating fue right
gastroepiploic and inferior pancreaticoduo-
deDal arteries as weU as fue paraduodenal col-
laterals. The body and tail of fue ¡EnCreaS were
excised In two different gTOUJ1S oí" dogs flow
was recorded as 42.7 and 62.7 mI/mino

The advantage ofthe electromagnetic tlow-
meter technique is that tlows can be recorded
accurately and continuously in mI/mino In
addition, each animal acts as its own control.
No manipulation ofthe gIand is required after
the preparation has been completed. Once fue
equipment has been acquired there is little
further expense.

In discussing their preparation, Eichelter
and Schenk [17] commented: ". ..blood tlow
measurements are neither fue entire pancreatic
flow, nor is all the flow measured delivered to
the pancreas." In many of fue preparations
the pancreaticoduodenal vascular connections
were not divided [15, 17,22,53,68,69,76,
77J. Electromagnetic flow measurement of
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blood flow to the pancreas has been studied
before and afteLljgation ofthese vesseIs in eigbt
dogs [71]: meanpancreatic flow fell from 33.8
mI/min to 24.8 mI/min after the dissection
procedure, indicating an error of approxi-
mately 35% if the pancreaticoduodenaI vesseIs
are no~ ligated. Consequently, the results of
the investigations described above in which
these vessels have not been interrupted, must
be interpreted with great reservation.

In the preparations in which accessory ves-
seIs had not been ligated, the measurements
may aIso be erroneous as the gland will receive
blood through the accessory vessels [22, 53].
Other drawbacks include the suggestion that
ligation of part of the arterial supply may affect
perfusion within the gland. Eichelter and
Schenk [17] injected contrast medium into the
pancreaticoduodenal artery after isolating the
pancreas by their technique and found that
this sole artery supplied the whole gland. EI-
liott [18] reported that the pancreas in the dog
could survive on the superior pancreaticodu-
odenal artery and vein with very little scarring
when observed over a period of 2 to 6 weeks.
However, Hermon- Taylor [35] suggested that
perfusion through the coeliac axis alone could
lead to inadequate perfusion of some parts of
the gland, due to variations in vascuIar anas-
tomoses within the gland and anomalies of
the blood supply to the body and tail. Knol et
al. [42] stated that perfusion in the body and
tail of the gland fell when the splenic vessels
were ligated No operative details of their in-
vestigation were given. Perfusion in different
regions of the gland has been measured with
an inert gas clearance technique and this in-
vestigation is described fuIly later in this review
[72]. However, it was demonstrated that ifthe
accessory vesseIs were ligated varying amounts
ofthe body and tail ofthe gland became mac-
roscopically ischemic. In addition, perfusion
in the uncinate process was reduced when the
inferior pancreaticoduodenal artery was di.
vided. Therefore the evidence indicates that
perfusion in certain areas of the gland is re-
duced by ligating part of the arterial supply.
It is possible that this, in turn, may affect tbe
accuracy of the electromagnetic flow mea-
surement, which would be a further criticism
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ofmany afilie preparations [15, 17,42,45,
61,68,69,76,77].

Otber disadvantages which are applicable
to all fue preparations described are that con-
siderable operative manipuIation is required
in preparing the model; during fue dissection
fue pancreas is handled and couId be damaged
VascuIar occIusion was necessary for calibrat-
ing the earlier designs of flow probes, but tbiS
is not necessary with fue more modero equip-
mento As fue technique measures onIy arteriaI
flow to fue pancreas, any arteriovenous shunt
flow within fue organ Ieads to an overesti-
mation of blood flow to the tissue.

Measurement 01 Tissue Perfusion

Thermocouples
This method requires a heated thermocou-

pie, maintained at a certain temperature, to
be inserted into fue pancreatic tissue. The
temperature afilie needIe is dependent on tis-
sue perfusion-increased perfusion cools fue
needIe, whereas reduced perfusion allows it to
heat up. An assessment of perfusion can then
be made from fue change in temperature of
the needIe [27]. Measurements using this
method record changes in tissue conductivity
rather then giving numericaI vaIues of ~rfu-
sion [51-54].

A serious disadvantage of this technique is
that it gives onIy reIative measurements of
blood flow [3]. The gIand mar also be damaged
by the thermOCOüples.

lndicator FraaiOnatíon

Radioactive tracers. This method assesses
cardiac ou1put, organ bIood flow and perfusion
by measuring the distribution of radioactive
indicators. The principIe used is that when an
indicator is injected into fue left ventricIe, it
will be distributed to fue organs of fue body
in fue arteriaI system in proportion to fue flow
to each organ. Cardiac OU1put can be caIcu-
Iated from fue dilution curve of fue changing
concentrations in arteriaI samples. Organ
bIood flow can be caIcuIated by killing fue an-
imal during fue first circuIation afilie indicator
and measuring fue amount of indicator that
is present in fue organ. Blood flow can then
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~ calcuIated from fue fraction afilie indicator
in fue organ as compared to fue injected vol-

ume, and expressed as ml/min or as a fraction
of fue cardiac output. Most autho~ using this
technique have expressed flow in ml/min/100
g pancreas, and so the method mar be re-
garded as a means of determining pancreatic
perfusion.

Sapirstein [63] initially employed this
method in fue canine pancreas using Potas-
sium-42 (42K). Cardiac output was recorded
as 170 ml/min/kg and mean pancreatic per-
fusion as 2.7 ml/min/kg body weight, or 1.6%
of the cardiac output. Perfusion of fue pan-
creas was quoted as 100 ml/min/lOO g. Gils-
dorf el al. (28), using fue same isotope, found
mean perfusion to be 46.8 ml/min/lOO g; car-
diac output was not reported. Delaney and
Grim [14] using both 42K and Rubidium-86
(86Rb), recorded a mean pancreatic perfusion
of61 ml/min/100 g. Mean blood flow was 17
ml/min, and mean cardiac output 2.7 l/min,
of which 0.65% was distributed to the pan-
creas. Tbe autho~ noted that their perfusion
measurements were nearly half those reported
by Sapi~tein [63] and considered that this
might be due, in part, to fue relatively greater
weight afilie pancreas in Sapirstein's dogs.

Papp el al. [51], using 86Rb, found that fue
mean value of perfusion in the pancreas was
75.9 ml/min/l00 g (22.0 ml/min); 0.87% of
fue cardiac output was calcuJated to be dis-
tributed to fue ~creas. T o confirm fue va-
lidity of 86Rb clearance as a measurement of
perfusion, they algo compared 86Rb clearance
with venous outflow from part of fue gland
and found that fue measurements were simi-
lar. Goodhead [32] used fue technique with
86Rb-mean pancreatic flow was 14.3 ml/min
or 63.2 mi/mini 1 00 g. This flow represented
0.62% of the cardiac output.

The majar advantage of this technique is
that no operative manipulation of fue gland
is required prior to measurement afilie flow.
A possible source of error that applies to all
fue experiments outlined is that only a single
measurement is taken and this is estimated
ayer a very brief span of time. Care must be
taken to avoid recirculation of fue isotope,
which could algo lead to inaccurate results.l'

¡

~

Another limitation is tbat only a single mea-
surement can be made in each animal, as the
animal must be sacrificed to allow analysis of
the isotope content of the tissues [3, 56].
Therefore each animal cannot act as its own
control in sUbsequent measurements during
the experimento

Radiolabeled microspheres. This technique
works on the same theory as isotope fraction-
ation, in that an indicator is injected into the
circulation of an animal, following which or-
gan perfusion can be calculated from the frac-
tion of the indicator in each organ. Whereas
in the isotope fractionation method the animal
must be killed during the first circulation of
the isotope, it is not always necessary when
measuring perfusion with radiolabeled micro-
spheres. Once injected, the microspheres be-
come trapped in the organs, allowing readings
to be taken after organ excision. Further read-
ings can be taken by injecting microspheres
with a different radioactive label.

Wulff and SjOstrom [78] measured pan-
creatic perfusion with this method using ra-
diolabelled microspheres with three different
labels, 15-50 p.m in diameter: Chromium-51
(SICr), Strontium-85 (8SSr), and Cerium-141
(141Ce). Cardiac output was measuredsimul-
taneously by indicator dilution as previously
described. Mean pancreatic perfusion was re-
corded as 22 mI/min/100 g. Cardiac output
was 2.0 l/mino In 1975, Sjostrom and Wulff
[65}. using a similar model, measured tissue
I:.::rfusion as 44 ml/min/100 g. Cardiac output
was 2.9 l/min with 0.6% being distributed to
the pancreas. Becker el al. [6,7] measured re-
gional splanchnic perfusion by a similar tech-
nique. In the first study [6] pancreatic perfu-
sion was 33 m1/min/100 g and cardiac output
132 mI/min/kg body weight. In the second
study [7] perfusion was 35 mI/minI 100 g and
cardiac output 91 ml/min/kg. Gurll el al. [33]
measured perfusion with 15 p.m diameter mi-
crospheres tagged with Scandium-46 (46Sc),
8SSr and 141Ce, 2.4 million being injected for
each reading. Mean perfusion was reported as
42 mI/min/100 g, 0.8% afilie cardiac output
being distributed to the gland. Shatney el al.
[64], used 35 p.m diameter microspheres la-
beled with 46Sc, Cobalt 57 ('7CO), and Tin-113
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(113Sn) and 50 p.m diameter microspheres la-
beled with 51Cr, 85Sr, and 141Ce. The number
of spheres used for each reading varied be-
tween 150,000 and 250,000. Mean perfusion
was 31.5 mI/mini 100 g after a sham operation,
40.4 one week later and 45.8 three weeks later.
Lindblad and Bergqvist [46], using approxi-
mately 3 million 15 p.m diameter microspheres
(57CO, Zinc-65 (65Zn), 85Sr, and Niobium-95
(95Nb» per injection, recorded baseline pan-
creatic perfusion as 36 and 44 ml/min/lOO g
in two groups of dogs.

Advantages of this technique are that min-
imal, if any, manipulation of fue pancreas is
required prior to recordings. Further readings
can be taken using microspheres with a dif-
ferent radioactive label, although fue number
of measurements possible is limited by the
number of different microspheres available.
Disadvantages include the possibility of dam-
age to the gland as microspheres are lodged in
fue vessels and also the cost afilie equipment
and microspheres. Buckberg el al. [10] have
demonstrated that errors in this technique are
usually less than 20% if 400 or more micra-
spheres are present in a sampling site, but
smaller numbers may cause errors up to 113%.
This criticism does not apply to fue experi-
ments described above in which fue number
of microspheres used has been recorded [33,
46, 64]. but it is unclear if it applies 10 those
which have not recorded fue numrer per
reading [6. 7. 65, 78].
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tration was achieved in the tissue, the arterial
hydrogen concentration was lowered 10 zero
by stopping hydrogen inhalation. Hydrogen
gas then diffused from fue tissue into fue blood
at a rate determined by tissue perfusion. Per-
fusion was calculated from fue electric current
produced by hydrogen oxidation of the plat-
inum surface which is proportional to fue hy-
drogen gas concentration. Measurements of
perfusion in each dog varied from 16.8 to 74.7
(mean 42.8) mI/min/1OO g. There were vari-
ations in perfusion in fue two afeas afilie giand
in which perfusion was assessed, but fuese were
not consistent. To assess clearance from fue
gland fue value of the partition coefficient for
fue gas between the tissue and blood should
be known. In fue calculations fue authors as-
sumed fue tissue/blood partition coefficient
and specific gravíty of pancreatic tissue to be
unity. No measurements of cardiac output
were made.

A disadvantage of this method is that tissue
trauma can be caused by placing electrodes in
the gland and manipulation of the hydrogen
gas concentration in the blood mar affect
physiological processes within fue animal. The
equipment required for this technique is ex-
pensive. It has not been widely used in 'pan-
creatic blood flow investigations.

Xenon-133 fJJXe) amd Krypton-85 r«5Kr)
c/earance. The original gas washout technique
was described in 1961 by Lassen and Ingvar,
who injected 8SKr directly into fue arterial
SUpply ofthe brain. The theory ofthis intraar-
terial technique is that when a single dose of
an isotope is injected into an artery supplying
an organ, it diffuses into fue tissues of that
organ from the blood very rapidly, 95% equi-
librium being reached within a second [41].
After fue passage of fue blood containing fue
isotope through the organ, fue arterial blood
concentration of fue gas will fall to zero and
the gas will diffuse from fue tissues back into
fue blood. The clearance from fue tissue
(measured with a detector held ayer fue surface
of fue gland) will depend on fue rate of per-
fusiono The isotope is then excreted vía fue
lungs as fue solubility ofboth 133Xe and 85Kr
is greater in air than in tissue or blood. In one
circulation through the lungs 90-95% of 133Xe

.,
Inert Gas Washout

The inert gas clearance technique is based
on the Fick principIe, which states that the
quantity of a metabolicalIy inert substance
taken up by tissue in unit time is fue product
of the arteriovenous concentration difference
and the blood flow. The tracer should be met-
abolicalIy inert and diffuse between blood and
tissue with no significant limitation.

Hydrogen desaturation. Aune and Semb [3]
measured pancreatic perfusion by recordirtg
the cate ofhydrogen desaturation in fue giand.
To obtain this measurement platinum elec-
trodes were placed in fue head and body of
the giand. After suitable hydrogen gas concen-
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note, however, that these investigators did cal-
culate the pancreas/blood partition coefficient
of 133Xe and found a value of 1.2. Although
perfusion in the gland calculated by each group
of workers was similar, the pancreas/blood
partition coefficient used by Glazer and Need-
ham [31] was considerably smaller than that
of Ercan et aJo [21], suggesting a marked dif-
ference in their recorded clearance cates.

Studley et aJo [72] assessed perfusion in the
head, body, uncinate process and tail of the
gland, using the isotope 8SKr in the intraar-
terial injection technique. The investigation
was performed in eight dogs, initially with all
vessels to the pan creas being intact and sub-
sequently after division of the accessory ves-
seIs. To ensure the tlow was stable for each
8SKr clearance reading an electromagnetic
tlow probe was placed around the gastroduo-
deDal artery to allow continuous monitoring
of pancreatic arterial blood tlow (ml/min) on
a chart recorder. In the preparation in which
all vessels were intact, 8SKr was first injected
into the superior pancreaticoduodenal artery
and mean perfusion of the head of the gland
was recorded as 99.4 ml/min/lOO g, and in
the body 117.5 ml/min/lOO g. No activity was
detected in either the uncinate process or the
tail of the gland when 8SKr was injected by
this route. Mean perfusion was therefore mea-
sured in the uncinate pr~ by injecting the
isotope into a branch of the inferior pancre-
aticoduodenal anery (97.8 ml/min/ 100 g);
perfusion in the tail of the gland was ~
following injection of 8SKr directly into the
splenic artery (131.3 ml/min/lOO g). Com-
paring these perfusion measurements no dif-
ference was identified. The accessory vessels
were then divided. The tail and varying degrees
of the body of the gland in variably became .
macroscopically ischemic and no perfusion
measurements were made in this region. Per-
fusion in the other regions was measured by
injecting 8SKr into the superior pancreatico-
duodenal artery. Mean perfusion values re-
corded were: head 85.0 ml/min/lOO g; body
93.6 ml/min/lOO g; uncinate process 70.2 mI/
mini 1 00 g. Perfusion values in the head and
body of the gland were similar, but measure-
ments in the uncinate process were lower (P

[57] and 95-99% of8sKr is eliminated [12]-
consequentIy minimal amounts ofthe gas are
retained in the blood for recirculation which
could affect perfusion measurements.

Of the two isotopes discussed, 8SKr emits
over 99% of its activity as beta emissions with
an energy of 695 keV. Mean penetration in
tissue is 0.7 mm, with a maximum penetration
of2.6 mm [3]. The principal activity of 133Xe
is gamma emissions with an energy of 81
keV [29].

An expression for tissue perfusion using this
technique can be derived from the Fick prin-
cipIe and is shown to be:

~ mI/min/g,
T1/2

where A is the partition coefficient for fue
inert gas between the tissue and blood and
T1/2 is the time (in minutes) for fue tissue con-
centration of indicator to fall to one half of its
value.

Two groups of workers have evaluated per-
fusion in the canine pancreas by measuring
133Xeclearance. Glazerand Needham [31] in-
jected 133Xe into the splenic artery near a
branch of fue artery supp1ying what they de-
scribed as fue 1eft lobe of fue pancreas. From
tbeir descriptions it is probable tbat they were
referring to tbe body and tail of fue giand as
tbe spleen was removed in tbeir preparation.
Oearance oí iliXe from the tissue was tben
measured using a scintillation counter. They
measured perfusion as 120 mi/minI 100 g. A
possible error in their calculations is that they
assumed the pancreas/blood partition coeffi-
cient of 133Xe to be 0.65 following work by
Conn in 1961 on various organs [13], altbough
tbe coefficient for the isotope in fue pancreas
was not actually measured.

In tbe same year, Ercan et aJo [21] measured
perfusion as 74.6-169 (mean 106.8) mI/minI
100 g by injecting 133Xe into tbe pancreati-
coduodenal artery. Perfusion in the tissue of
the head, body and tail of tbe pancreas was
a1so measured by injecting 133Xe directly into
the tissue. Mean results were 62.4, 85.7, and
67.1 ml/min/lOO g, respectively, which were
not significantIy different. It is important to
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< 0.05) than in fue head of fue giand. There-
fore anastomoses witbin fue pancreas retween
fue superior and inferior pancreaticoduodenal
arteries were not adequate enough to prevent
a decrease in perfusion in fue uncinate process.

In this experiment fue electromagnetic flow
measurements (mI/min) could, in principIe,
be expressed in mI/mi n/ 1 00 g by using the
weight of the giand that had been supplied by
the vessel. However, it was not possible to
standardize the two measurements in either
group for several reasons. Ir alI fue vessels sup-
plying the giand were intact it was not possible
to determine fue weight of fue giand being
supplied by fue superior pancreaticoduodenal
artery. In fue preparation in which fue acces-
sory vessels were ligated, fue weight of fue
giand supplied by tbis sale artery could be de-
termined after removing fue macroscopicalIy
ischemic tissue; however, perfusion in fue un-
cinate process was reduced which would cause
misleading results. In addition, in both prep-
arations the pancreaticoduodenal vessels were
not ligated which would lead to an overesti-
mation of fue electromagnetic flow measure-
mento

T o overcome this problem of comparing
measurements the authors removed fue body,
tail, and uncinate process and divided fue
pancreaticoduodenal vessels, leaving fue head
of fue giand alone supplied solely by the su-
perior pancreaticoduodenal artery and vein.
Measurements of S5Kr clearance (88.4 mIl
mín,.' 1 00 g) were found to be similar to those
taken by fue electromagnetic flow technique
(95.4 ml/min/lOO g), after conversion to the
same units using fue weight afilie head afilie
giand. The authors felt that tbis preparation
had considerable advantages over those pre-
viously described as two measurement tech-
Diques were being used, thus alIowing confir-
mation of any flow measurements.

The fundamental advantage afilie inertgas
technique is that it measures tissue perfusion
directly and it is therefore not dependent on
whether fue organ receives its blood supply
from one or several arteries. Once fue gas has
cleared completely further recordings can be
made. Another advantage is that fue only sur-
gical manipulation required prior to recording

I
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perfusion is fue placement of a cannula in a
vessel, or its side branch, which allows injec-
tion of isotope into fue arterial supply of fue
organ being studied. Arteriovenous shunts do
not affect fue accuracy of fue method. The
accuracy of fue measured perfusion rate is,
however, dependent on knowledge of fue tis-
sue/blood partition coefficient ofthe gas used.
and there is uncertainty about fue value ofthis
for 133Xe in the pancreas, thus suggesting in-
accuracies in one or both of fue investigators'
measurements [21, 31]. The partition coeffi-
cient of85Kr in fue study ofStudley el aJo [72]
was estimated from the fat content of fue tis-
sue. Interpretation of fue clearance curves mar
not always easily be carried out, but in fue
preparations in which fue electromagnetic flow
technique is algo used to monitor flow this is
not so much of a problem, as a clearance mea-
surement can be made when the flow is de-
monstrably stable. Activity in adjacent regions
mar be picked up by extemal detectors which
mar algo lead to errors in fue measurements;
this factor is more of a problem with Xenon
than with Krypton due to fue greater penetra-
tion of the gamma emissions of Xenon from
surrounding tissues.

2. AMBUlANT DOGS

Anesthesia is an abnormal physiologic
stimulus which affects hemodynamics [3, 6,
20, 59]. It is for !bis reason that severa! inves-
tigators ha..-e anem~ to ~ paDcreatr
blood flow in the ambulant dogo

Measurement of Blood Flow

Eleclromagnelic Flow Melers

Fischer el aJo [23] measured pancreatic
blood flow in four dogs with fue electromag-
netic flow technique by piacing a probe around
the superior pancreaticoduodenal artery. No
vessels were ligated and cardiac output was
not measured. Mean flows of 50-60 mI/mín
were recorded from 3 to 8 days postoperatively
with fue dogs standing in a Pavlov frame.

Studley el al. [70] evaluated blood flow in
fue conscious dog, using electromagnetic flow
probes placed on fue ascending aorta for mea-
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~periods. As the perfusion techniques take sin-
gle measurements tbis is not possible.

In addition to tbis problem, the disadvan-
tages associated with each technique still exist:
studies using fue electromagnetic tlow method
employed two different preparations, one in
which no vessels were ligated [23] and the
other in which fue accessory vessels were di-
vided but fue pancreaticoduodenal vessels
were intact [70]. Therefore, not only is it dif-
ficult to compare the two groups of measure-
ments, but also it is possible tbat they are botb
inaccurate. Tbe gland mar be darnaged in the
hydrogen desaturation technique by the elec-
trodes, and physiological processes affected by
varying hydrogen gas concentrations. In the
microsphere technique the small vessels mar
be occluded. In botb perfusion techniques only
a limited number of readings can be taken.
Measurements obtained using radiolabeled
microspheres indicate a large variation which
is difficult to explain.

3. SUMMARY ANO CONCLUSIONS

Blood tlow in fue anesthetized animal has

been measured indirectly by plethysmography
and directly with the stromuhr, venous out-
tlow, and electromagnetic tlow techniques.
Tissue perfusion in fue gland has been ~
qualitatively witb thermocouples and quan-
titatively by isotope fractionation, the distri-
bution of microspheres, hydrogen desatura-
tion. and clearance of either t33Xe or 8~Kr-
Tbe results of these investigations have been
contlicting as there is a large variation in both
tlow and perfusion measurements, not only
overall but also in the values reported by each
technique (Table 1). Taking all metbods into
account tlow measurements have been re-
corded from 9 to 63 (mean 29.8) ml/min, and
10 to 200 (mean 66.1) ml/min/lOO g. Tbe
mean percentage of fue cardiac output dis-
tributed to the pancreas is 1.28. Some ofthese
differences are due to various drawbacks as-
sociated with each afilie techniques; some are
almost certainly due to variations in the sur-
gical preparations, and otbers are undoubtedly
caused by the complexity of fue pancreatic
circulation. Measurements ofperfusion in dif-
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ferent regions of tbe pancreas of individual
dogs show no difference if all vessels are Íntact,
but accessory vesselligation affects perfusion
in certain areas.

In ambulant dogs tbe studies suggest tbat
pancreatic blood flow is higher tban in tbe
anesthetized animal. This is probably true de-
spite inaccuracies associated witb each of tbe
techniques. In addition to tbis drawback tbere
is also tbe problem of obtaining measurements
witb tbe dogs in a relaxed state. It is probably
for this reason that tbe majority of investiga-
tors have preferred to examine blood flow and
perfusion in tbe canine pancreas in tbe anes-
tbetized animal.

It is not possible to make a definitive state-
ment regarding tbe best model and measure-
ment technique available to measure blood
flow or tissue perfusion in tbe canine pancreas.
The choice should undoubtedly be govemed
by tbe aims of tbe proposed study.

In studies of tissue perfusion in the intact
giand, it is obviously preferable tbat all vessels
should be intact, as division of any vessels
supplying the giand has been shown to affect
perfusion in certain areas. Measurements in
such a preparation could be taken using tbe
85Kr clearance technique, with a flow ptobe
placed around the gastroduodenal artery to
ensure stable flow during measurements' It is
difficult to assess total arterial blood flow to
the whole giand due to tbe number of vessels
supplying the organ. .o\ltbough measurements
have been ~ through a single vessei. tbere
are errors associated with this approach: if all
vessels are intact the value will be underesti-
mated and if "accessory vessels" are ligated
changes in perfusion in some regions are in-
duced, which mar affect the accuracy of any
blood flow measurement. For studies in which
information about botb blood flow and tissue
perfusion is required, tbe preparation of tbe
head ofthe giand alone in which botb the elec-
tromagnetic flow and 85Kr clearance tech-
Diques are employed mar be suitable. To allow
assessment of flow independent of changes in
cardiac output, pancreatic blood flow can be
expressed as a percentage oftbe cardiac output
being distributed to tbe gland; however, tbe
difficulties outlined in measuring blood tlow
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