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Most methods of measurement of gastric emptying rely on the serial estimation of intra-
gastric volume and do not separately account for the volume of fluid which has been add-
ed to the meal by gastric secretion, duodenal reflux, or swallowed saliva. The volume emp-
tied is therefore underestimated. A method of measuring gastric emptying using
["ZI]RIHSA and the Volémetron is presented. The volume of fluid added to the meal is
taken into consideration in this method, giving a more accurate reflection of gastric emp-
tying. Using this method in the dog, emptying was found to be linear rather than exponen-

tial.

We have previously reported a method of measure-
ment of intragastric volume using the Volémetron
and ['#*I]RIHSA (radioiodinated human serum albu-
min) (1). The Volémetron is an apparatus, using an
isotope dilutional technique, normally used for the
measurement of blood volumes. The apparatus
measures the radioactivity of a dose of ['*I]JRIHSA,
which is then injected into a volume of fluid to be
measured. Specimens (2 ml) of the volume of fluid
are taken before (premix) and after (postmix) the in-
jection of [***IJRIHSA and have their radioactivity
measured in the Volémetron. With the information
of the change of isotope concentration afforded by
the injection of a known amount of ["**IJRIHSA, the
apparatus is able to automatically compute and dis-
play this volume. Repeated estimations of the same
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fluid volume may be carried out, each time adding a
new dose of ['**I[RIHSA.

When this method is applied to the measurement
of gastric emptying it has the same disadvantages of
other dilution methods in that it relies on serial esti-
mations of intragastric volumes and does not ac-
count separately for the volume added by simulta-
neous gastric secretion, duodenal reflux, or swal-
lowed saliva. These methods therefore give only a
rough estimate of gastric emptying, and the volume
of gastric emptying deduced is therefore under-
estimated.

An elaboration of our method now measures in-
tragastric dilution due to these other components.
We are therefore able to calculate more accurately
actual gastric emptying.

MATERIALS AND METHODS

Seven adult mongrel dogs of both sexes weighing ap-
proximately 15 kg were trained to accept an F18 double-
lumen orogastric tube of the Salem type (Sheridan Corpo-
ration, New York) using a mouth gag. No sedation was
used. When the dogs accepted the tube without agitation,
they were used for testing. The dogs were starved of food
but not water for 24 hr prior to testing. Only one test per
day was carried out on any particular dog. A milk feed
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Fig 1. Inflow and outflow volumes plotted against time, with their respective computed regression lines following two sepa-

rated milk meals.

was made up by diluting 110 ml of Carnation milk with
190 ml of water.

The tube was passed and the stomach washed out with
200 ml of saline via the broader lumen of the tube using a
100-m! bulb syringe. If food was present in the return or
the return was below 160 ml, the test was discontinued.
This occurred infrequently. A volume of 20 ml/kg body
weight of the reconstituted Carnation milk, plus a further
12 ml of the milk was used as the test meal. A 0.6-uCi
dose (0.35 ml) of ['"*I]RIHSA was added to the meal. The
meal was rapidly passed into the stomach, via the broader
lumen of the tube, using the bulb syringe. Adequate mix-
ing of the meal in the stomach was obtained over about 1
min by rapid to-and-fro aspiration of the meal with the
bulb syringe. A 12-ml specimen (specimen 1) of the meal
was aspirated and divided into 10-ml and 2-ml portions to
be used later. The tube and gag were then removed. The
dogs were kept free of restraint and on all fours at all
times. The tube was again passed 10 min later and the
meal well mixed for approximately 1 min by to-and-fro as-
piration with the bulb syringe, via the broader lumen of
the tube. A 2-ml premix specimen of the stomach con-
tents was then taken for measurement in the Volémetron.
Then a 0.35-ml dose of ['*I]RIHSA, the radioactive count
of which had been previously measured and stored by the
Volémetron, was injected into the meal via the fine bore
Iumen of the tube. This was washed through with 10 ml of
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specimen 1. Following further adequate intragastric mix-
ing as above, a 12-ml postmix specimen of gastric con-
tents was taken. A 10-ml portion of this specimen was
kept to wash through the dose of ['**I][RIHSA during the
next estimation of intragastric volume 20 min later, and
the remaining 2 ml kept for measurement in the Vol-
émetron. The tube and gag were again removed. The pre-
mix and postmix specimens then had their radioactive
counts measured by the Volémetron. Now with the
knowledge of the change of isotope concentration pro-
duced by the injection of a measured amount of isotope,
the Volémetron was able to automatically compute and
display the intragastric volume. Then 10 ml was sub-
tracted from this reading to allow for the volume of fluid
added to wash through the ['®IJRIHSA. Every 20 min the
Volémetron was used to calculate the intragastric volume
by applying the same procedure as above: The tube was
passed, and a 2-ml premix specimen obtained; a new
measured dose of ['"*I]RIHSA was injected and washed
through with 10 ml of the postmix specimen of the pre-
vious estimation; and finally a new 12-m] postmix speci-
men was taken, and the tube removed. The test was dis-
continued when the intragastric volume approached ap-
proximately 50 ml, when the stomach contents were
completely aspirated and measured in a measuring cylin-
der as a check. The remaining 2 ml of specimen 1 and all
the subsequent premix and postmix samples each had
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TABLE 1. REGRESSION CONSTANTS OF INFLOW VOLUMES (LINEAR AND LL0G) AGAINST TIME, FOLLOWING MILK MEALS, WITH
RELATIVE CORRELATION COEFFICIENTS

Regression constants

Correlation coefficients

Number of
observations Linear Log Linear Log
Dog1 4 0.53 0.004 0.9627 0.9816
Dog 1 4 1.11 0.006 0.9762 0.9465
Dog 1 4 0.86 0.012 0.9240 0.9469
Dog2 6 1.38 0.008 0.9885 0.9652
Dog?2 5 1.16 0.006 0.9819 0.9935
Dog 3 7 0.64 0.023 0.9701 0.9341
Dog 3 6 1.01 0.016 0.9731 0.9599
Dog4 6 0.27 0.003 0.9299 0.8955
Dog4 6 1.82 0.007 0.8837 0.8274
Dog 5 3 1.40 0.015 0.9981 0.9722
Dog 5 4 0.96 0.007 0.9960 0.9731
Dog6 S 0.72 0.016 0.9617 0.9721
Dog6 5 1.68 0.016 0.9834 0.9175
Dog7 6 0.24 0.017 0.7422 0.6151
Dog7 6 0.70 0.028 0.9730 0.8508
their radioactive counts measured over 2 min in a Packard B=A+V,—-V) (2)

Auto Gamma Spectrometer. The results were compared
as follows for each 20-min period.

Mathematical Model

Fluid Exchanges. The volume of fluid in the stomach at
the start of a period between measures of intragastric vol-
ume contains [***I]RIHSA at a known concentration. This
information is obtained by measuring the radioactive
counts of specimen 1 for the first 10-min period and of
each of the postmix specimens for the subsequent 20-min
periods. There are two kinds of fluid exchanges between
the stomach and its environment which may change this
concentration.

1. Fluid containing little or no ["I]RIHSA such as gas-
tric secretion, gastric absorption, saliva inflow, and
fluid returned across the pylorus. Most of the flows are
into the lumen. Let the total volume of ‘‘inflow’” of
fluid not containing ['"*’IJRIHSA for a 20-min period be
A.

2. Fluid containing ['*IJRIHSA, mostly being outflow
across the pylorus. Let the total volume of “‘outflow”
of fluid containing [***I]RIHSA for a 20-min period be
B.

At the start of the time interval we measure the volume
and concentration V, and C,. This is repeated at the end
of the time interval, to obtain V, and C;. C, is obtained by
measuring the radioactive counts of the premix- speci-
mens. Under the assumption of perfect mixing and con-
stant flow rates, it can be shown that the total inflow A
and the total outflow B over the time interval are given
by:
log(C,/Co)
A= (Vo—V)——— (1
log(V/Vy)
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(See appendix for full derivation.)

If mixing is not perfect and the flow rates are not con-
stant, one cannot arrive at a unique value for the total in-
flow A, but it can be shown that it has to lie in the range
given by the following:

Cl Co
Vill—— | <A<V, |—-1 3)
CO C1

The total outflow B can once again be calculated using
equation (2). In practice the in- and outflows are indeed
not perfectly steady and probably pulsative, but do aver-
age out over a sufficiently long time interval. Under these
circumstances the best estimate for A and B are given by
equations (1) and (2). The extremes in equation (3) are on-
ly obtained in the unlikely situation of there being no over-
lap between a single period of inflow and a single period
of outflow.

RESULTS

Figure 1 represents a typical example of the in-
flow and outflow patterns obtained in two milk tests
on the same normal dog (dog 2). The regression con-
stants of volume against time are shown. Tables 1
and 2 show the regression constants of milk meals
in the 7 dogs of volume and log of volume of inflow
and outflow against time. The relative correlation
coefficients show that a more satisfactory correla-
tion with a straight line occurs when the volume as
opposed to the log of volume is plotted against time.
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TABLE 2. REGRESSION CONSTANTS OF QUTFLOW VOLUMES (LINEAR AND L.0G) AGAINST TIME, FOLLOWING MILK MEALS, WITH
RELATIVE CORRELATION COEFFICIENTS

Regression constants

Correlation coefficients

Number of
Observations Linear Log Linear Log
Dog 1 4 3.33 0.011 0.9869 0.9376
Dog 1 4 4.43 0.019 0.9939 0.9665
Dog 1 4 2.63 0.007 0.9896 0.9996
Dog 2 6 4.40 0.014 0.9901 0.8970
Dog?2 5 3.74 0.015 0.9981 0.9325
Dog3 7 2.24 0.010 0.9856 0.9243
Dog3 6 2.49 0.016 0.9667 0.8702
Dog 4 6 1.97 0.009 0.9615 0.9661
Dog4 6 4.34 0.011 0.9779 0.8779
Dog 5 3 3.70 0.014 0.9880 0.9997
Dog$ 4 2.63 0.008 0.9879 0.9556
Dogé6 S 4.13 0.010 0.9823 0.9332
Dog 6 5 4.22 0.010 0.9704 0.9145
Dog7 6 2.94 0.027 0.9882 0.7310
Dog7 6 2.60 0.028 0.9942 0.7593
DISCUSSION tic.”” But our method only involves the solution of

All previous methods of measuring gastric empty-
ing, in which gastric volume was used as a reflec-
tion of emptying, have ignored the dilution of the
gastric juice by gastric secretion, duodenal refiux,
and swallowed saliva. This error is diminished by
our method.

A method of measuring the volume of fluid added
to the gastric contents over a period of time is also
offered. This volume is largely. gastric secretion.
Hunt (2) has previously reported a method of mea-
suring the volume of fluid added to a meal by the pa-
rietal and nonparietal component of the stomach.
His method relies on measuring the amount of hy-
drogen and chloride ion in the gastric content, and
then, assuming a constant concentration of these
ions in gastric secretions, an estimate is made of the
volume secreted. If duodenal reflux can be mea-
sured and excluded (3), we feel that our method
would be at least as accurate in estimating the vol-
ume of gastric secretion as that of Hunt. If there
were an accurate way of measuring the volume of
gastric secretion, this result could be subtracted
from the total inflow, and if swallowed saliva was
excluded, the result would then indicate the volume
of duodenal reflux.

Similar methods of measurement of inflow and
outflow using nonisotopic markers have been pre-
viously reported (4, 5). Hunt felt that these refine-
ments ‘‘complicated the already tedious arithme-
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two rather simple equations, and gives greater accu-
racy of measurement of gastric emptying. A further
advantage is that this method uses an isotopic mark-
er and thus allows for the use of a non-water-clear
meal containing carbohydrate, protein, and fat,
which cannot be used in spectrophotometric meth-
ods.

The formulae presented by us may also be used to
calculate inflow and outflow from the basic data ob-
tained in dye dilution tests of intragastric volume
such as those of George (6).

In vitro testing of our method simulating the in-
flow and outflow conditions as seen in vivo has
shown this method to be very accurate. In our meth-
od errors in estimation may occur if there is reflux
of isotope-containing fluid from the duodenum. This
volume would not be fully accounted for in the in-
flow volume. Another possible error in estimation
could be produced by peptic digestion of the albu-
min and subsequent loss of %I from the meal. Also
fluid absorption from the stomach may result in con-
centration of the isotope, or alternatively secretion
of [**IJRIHSA into the stomach after absorption in
the small bowel may occur. Change of isotope con-
centration due to these factors has been studied in a
milk meal in the pyloric-ligated stomach and in a
dog Heidenhain pouch over the same time period as
the test period. Samples (2 ml) of the meal in the py-
loric-ligated stomach of a dog under barbiturate gen-
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eral anesthesia were taken at 20-min periods over a
time period of 100 min. The isotope concentration
remained within 3% of the mean. Some fall in iso-
tope concentration was observed, probably due to
the dilutional effect of gastric secretion. The results
were found not to change when a large ‘dose of
[**I]RIHSA was injected into the small ‘bowel dur-
ing the experiment. The same result was obtained in
the Heidenhain-pouch experiment.

With our method it has been found that a better
correlation of experlmental points to the lines of re-
gressmn for outflow occurs when plottmg the vol-
umes in a linear fashion as opposed to a log plot
(Table 2). Applying the Wilcoxon rank test to these
data, it was found that they were significantly differ-
ent (P < 0.05). Thus using this method of measure-
ment of gastric emptying the ‘‘classical’’ exponen-
tial pattern of emptying (4) was not shown. It may
be that the volume of the original meal empties in an
exponential fashion, but our data suggests that this
is not so when studying the emptying of the whole
gastric contents. It has been previously shown that
the volume of gastric secretion in the dog is 60-150
ml/hr (7). We have obtained similar results. This fur-
ther supports the accuracy of our method.

APPENDIX—MATHEMATICAL MODEL

Suppose ‘a volume V(f) of fluid contains an
amount Q(t) of some tracer substance. Define the
concentration C(1) = Q(t)/V(1). All these quantities
may vary with time due to the effect of tracer-free
fluid being added and fluid containing tracer being
removed. Suppose next that over an interval of time
T a total volume A flows in and volume B flows out.
Then the total change in volume is simple (A — B).
Unfortunately the change in concentration is not so
easily calculated, since it depends on the time histo-
ry of the relative rates of in- and outfiow as well as
the degree of mixing. To understand this, it is best
to look at extreme cases first and then try and ob-
tain a good average estimate for more realistic situa-
tions.

Let V,, C, be the initial volume and concentra-
tion, and V;, C, the volume and concentration at the
end of the time interval T. Then clearly
(V, — Vo) = (A — B). If there is no inflow, the con-
centration of the tracer substance will not change
and'so C; = C,. If on the other hand there is no out-
flow, the total quantity of tracer substance remains
unchanged and so C;(V, + A} = CyV,. These form-
ulae can now be used to calculate the final concen-
tration given alternating periods of in- and outflow.
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Given fixed amounts of inflow A and outflow B,
what distribution in time of flows will give rise to
the lowest possible final concentration? If all the
outflow precedes all the inflow, the largest amount
of tracer substance is lost and hence the lowest final
concentration will obtain.

Ci Vo — B V.- A

= = @)
CO V() + (A - B) V]

The highest final concentration, on the other hand,
is obtained if one reverses the above procedure and
allows all of the inflow to occur before all of the out-
flow.
In that case:

Cq Vo V.- (A + B)

= - ©)
Cy Vo +A V,+B

If there are several alternating periods of in- and
outflow, one can apply the above formulae to each
such interval. The final concentration will always
fall between the two extremes in equations (4) and
(5). In fact, the more the periods of inflow are inter-
mingled with the periods of outflow, the further the
final concentration will lie from both extremes, and
the closer it will approach some intermediate value
corresponding to a steady rate of inflow, a = A/T,
and a steady rate of outflow, b = B/T. This value
will be approached even more closely if the periods
of in- and outflow overlap. If one does not have a
detailed time history of in- and outflows, one can ob-
tain a good estimate of final concentration by assum-
ing steady in- and outflow. To obtain this estimate
one has to solve a differential equation.

The rate at which tracer substance is lost is sim-
ply the product of its concentration and the rate of
outflow.

d
= — (VC) = —-Cb ©6)

dQ
t dt

d
Now invoke the chain rule for differentiation (7 =
t

a0 _avi d dav
- — (VO) — = —Cb %)
av dt dv dt
The rate of change of volume, dV/dt = (a — b).
Next, differentiate the product:
dc
(C+V—)(a—b)=~Cb (8)
A
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Rearranging terms one gets the differential equation:

dc a C A (c)

b—a V

\4

— = 9
dv B-A ©)

This equation is separable.
Integrating this equation over the time interval T
one gets:

S R O B
og |— = og = |— 1
c, 5_a 2 v, (10)

cy (V1 ) A
C, \Vo/B-A
The above solution will apply except for the degen-

erate case when V; = V,. Solving the differential
equation separately for this special case leads to:

08e |— =
‘ C() VO

(n

(12)

cy
Co

= g AiVy (13)

So far the implicit assumption has been that the
fluid continues to be mixed well during the time in-
terval T (the experimental procedure ensures that it
is well mixed at the beginning and end of the time
interval). Again, first consider the extreme case—
no mixing. In this case the inflow remains near the
point of entry, is not mixed in, and so does not con-
tribute to the outflow. This is equivalent to allowing
all the outflow to precede all of the inflow and hence
gives a low final concentration. This will however
still be within the limits previously established in
equations (4) and (5). For more realistic mixing
rates, the final concentration approaches the esti-
mate in equation (11).

Thus one hds both a range for the final concentra-
tion given arbitrary distributions in time of in- and
outflows as well as mixing rates and a best estimate
based on the assumption that in- and outflow rates
are steady and mixing is perfect. One can now turn
these formulae around to calculate total inflow A,
given measured final concentrations. The lowest
value for A will be obtained if one uses equation (4):

<,

A’=V1(l——) 14)

0
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The highest value for A, on the other hand, comes
from the use of equation (3):

Co
A" =V, <— - 1) (15)

1

Finally, the best estimate, obtained from equation
(10) is:
log(C,/Co)

A= (Vo= V) ——— (16)
° log(V1/Vo)

Except for the degenerate case when V, =V,
when:

A" =V, logCo/Cy) a7

One can get an idea of how large is the range of
uncertainty for possible flow rates that yield a given
final concentration by dividing A” by A’.

A _ VL o

= _—— = ‘ (13)
A’ V;Cl o2

In any case it should be clear that even a small
uncertainty in the determination of total in- and out-
flows has to be preferrable to pretending that there
are no inflows.
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