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Abstract

To quantify the amount of solid, liquid or gas that can be adsorbed on to a surface, the surface
area must be known. Equations were developed to calculate the macroscopic surface area of
the adult human stomach in vivo, at any given meal volume. For a meal volume of V=0-2000
cm’, the surface area SA=113-1030 cm? and by using a cylinder-shaped stomach model, the
diameter D=2.4-10.3 cm, length L=27-32 cm and width W= 7.5-32 cm. The cylinder model
found for a given volume, the standard deviation in average surface area values may result
from fluctuations in both length, diameter and width, indicating the stomach, by changing

shape, changes surface area.

Graphical Abstract

Change in the stomach surface area with meal volume
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The in vivo changes in the stomach average diameter, width, length and macroscopic surface area
with standard deviation values, including 3 stomach regions, with meal volume. Using a cylinder
model, the diameter is shown as a top view of the fundus region which is then un-rolled together with
the cylinder caps and flattened to form a rectangle of width and length. Data adapted from Bertoli et
al. 2023 [2].
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Introduction

Knowledge of the SA of the human stomach and the SA of solid food consumed during a
meal, can allow quantification of liquid or solid adsorption on both surfaces, for comparative
studies [1]. An in vivo magnetic resonance imaging (MRI) study of 12 healthy volunteers
determined the SA of the human stomach, at baseline and on consuming 500 cm?® of soup,
also reporting that no standard reference values of SA could be found in the literature [2]. A
typical meal has a meal volume (Vm) of Vm=1000cm® with a maximum Vy =1500cm? [3].
This report adapts and extends the numerical SA and V data from the MRI study to generate
equations that estimate the SA for any Vu and by using a cylinder model for the stomach,
calculate changes in length (L) and width (W) on consumption or digestion [2]. A cylinder
model is used as some stomachs are reported to be cylindrical in shape and has less complex
geometry than the more common J shape. In a study of the stomachs from 50 adult cadavers,
58% had a J shape, 20% cylindrical, 14% crescentic and 8% reverse L [4]. In another study
with 24 adult cadavers and 46 post-mortem specimens, 71% of stomachs had a J shape, 7%
cylindrical, 7% crescentic and 15% reverse L [5]. Models of digestion processes generally

refer to the more common J shape [3,6].

Results and Discussion
Calculation of the surface area for all meal volumes and 3 compartmental regions of the
stomach
From a MRI study [2], after consuming a meal with V=500 cm?, it was found the stomach
contained a total liquid volume (V1) with standard deviation (SD) of V1=516(30) cm?® and so
it is assumed:
VL= Vm (1)
Total gastric volume (V) includes both Vi, gas (Vi) and the stomach wall (Vw) such that:
Vr=VL+ Vg + Vw (2)
At baseline or pre-meal, V1=140(32) cm?, higher than V1=39(23) cm? and Vg =27(14) cm?
combined, presumably due to the influence of Vw [2]. Values for V and SA include the wall
thickness of the stomach, resulting in lower internal SA values at lower meal volumes, with
reducing influence, due to gastric distention, at higher meal volumes. Stomach wall thickness

has been reported as 2.6-5.1(0.6) mm ex vivo with different thicknesses depending on the



stomach regions as fundus, corpus and antrum [7]. The Vr values were measured at baseline
and on consumption of the soup at 5 intervals 0, 15, 30, 45 and 60 minutes with the amount
of gas showing a relatively constant value of Vg=98(56)-109(55) cm?® [2]. The SA and Vt and
V1 values determined after the consumption of soup are assumed to be the same values as if
food had just been consumed, rather than declining values from digestion, over time [2]. The
line of best fit between Vr and Vi, with SD values included, shows a linear equation (eq.):

Vr=1.06Ve + 113 cm? 3)
with SD values either added or subtracted to the Vr or Vi values (V1+SD/V1, V1-SD/V1,
V1/ViL+SD, V1/VL-SD) or both added or both subtracted (Vr+SD/Vi+SD, V1-SD/Vi-SD)
resulting in 6 possible combinations per V1/VL pair and an additional 36 values, Figure 1A
[2]. The value for the gradient of 1.06 shows an almost equal rate of increase of V1 with Vr.
From eq. (3), VM=V1=0 cm?, before a meal had begun, V1= 113 = Vg + Vw.
The change in gastric SA and Vrt, with SD values included as described previously for VL
and Vr, show a line of best fit, Figure 1B:

SA = 14.9V 0546 4
Equation (4) can be used to calculate the change in SA= 200-1032 cm? for Vum = 0-2000 cm?,
using egs (1) and (3) from the Vr=113-2233 cm? values, Table 1. The SD in the SA values
can be added (or subtracted) from the average SA values, showing a line of best fit, Figure
1C:

SA(+SD) = 0.99SA + 37 and SA(-SD) =1.01SA - 37 (5)
Equation (5) can be used to calculate the SD in the SA values and is shown for SA=0-2000
cm?, with the largest SD values at low Vu or Vi, Figure 1C, Table 1.
An in vitro ultrasonography study with 8 adults reported a single value for the inner stomach
SA=196 cm? and V=277 ¢cm?, showing a SA/V ratio similar to that for a sphere, which has
the minimum possible SA/V ratio, Figure 1B [8]. Normalized gastric compartmental SA and
Vr data for the fundus, corpus and antrum are also shown using values from the MRI study

for V1 =140-669 cm® extended using power egs. to Vr =0-2000 cm?, Figure 2 [2].

A cylindrical model showing changes in length and width on consumption or digestion

Taking the square root of known or calculated SA values from eq. (4) gives values for length
(L) and width (W) as LxW where L=W as SA =~ ¥200-V1032 ~ 14x14 cm - 32x32 cm for Vi
=~ 0-2000 cm’. To determine changes in the L and W of the stomach where L may not

necessarily be equal to W, with changes in Vv, a cylindrical model to describe the stomach



shape was used. Geometric shapes like spheres or cylinders have a V and SA defined by their
radius (r) and height (h) from well-known equations such that for the volume of a sphere

(Vs):

Vs = (4nr’)/3 (6)
and SA of a sphere (SAs):

SAs = 4nr? (7)
For cylinder volume (Vc):

Ve =nr’h ®)
and cylinder SA (SAc):

SAc = 2mr? + 2nrh 9)

with h=L and diameter (D) as D=2r.

A comparison of the SA/Vrt values from the MRI study with those calculated for a cylinder
(egs. (8), (9)) with L=3D, 6D, 9D shows L=9D intersects with the experimental values at low
meal volumes, changing to L=6D at V1=600 cm? to L=3D at V1=2000cm?, Figure 1B [2]. For
example, if L=6D=12r then from eq. (8), V= nr’h= 12zr’ and from eq. (9) SA=2nr? +
24nr?>=26mr? to generate the SAc/Vr curves, Figure 1B.

From the MRI study [2], the 6 experimental V1 and SA values with an additional 36 values
by including the SD, as described earlier, can be used in egs. (8), (9) and solved simultaneous
for h (L) and r (D=2r), with negative, imaginary numbers and values with D>L neglected,
Figure 3A. From eq. (8), for a given Vr value, a range of possible cylinder L and D values
and therefor SA (eq. (9)) values are possible. For a specific Vr and SA value, only one L and
D value can be calculated from simultaneous equations where L>D. The solution to the
simultaneous equations shows scattered L and D values due to the SD in V1 and SA, possibly
the result of volume changes during digestion. Variations in the SA may also be the result of
variations in the stomach L and D during digestion, indicated by many of the experimentally
determined SA values closely aligned to the lines showing possible L/D values at any given
Vr, Figure 3A. The standard deviation in average surface area values may result from
fluctuations in both length and diameter, rather than be an error of measurement.

The range of possible SA values for V1 =140 cm?, where the SD values are included, are
shown with SA =193-246 cm? for L=18-32.3 ¢m and D=2.3-3.2 cm, Figure 3A. A change in
shape at a constant V, may provide the stomach some control over SA and presumably the

adsorption rates of gastric components, with more tube-like shapes (L>D for example L=9D)



increasing SA while more spherical shapes (D=L for example L=3D) decreased SA, Figure
1B.
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Figure 1 Changes in the in vivo volume (V1), total liquid volume (VL) and surface area (SA), with standard
deviation (SD) values shown [2]. A. The change in Vr with Vr>VL due to the presence of Vc+Vw (eq (1)). B.
The change in the gastric SA values with Vt values from the MRI results (MRI, SD MRI) [2] compared to the
SA/V values calculated for cylinders with L=(3, 6, 9)D with the line of best fit as power equations. A single in
vivo SA/V value from ultrasonography indicates a spherical shaped stomach as the SA/V data point is on the
SA/V curve for a sphere which has the minimum possible SA/V ratio with SA=800 cm? when V1=2000 cm® [8].
C. The SD for the average SA values can be added or subtracted from the 6 SA values with the line of best fit
used to obtain equations to calculate SD for SA=0-2000 cm?. Data adapted from Bertoli et al. 2023 [2].
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Figure 2. Normalized SA ratios (%) for 3 gastric regions for V1=0-2000 cm?® show the fundus expands with
increasing Vrt relative to the corpus, while the antrum remains relatively unchanged. Data adapted from Bertoli

etal. 2023 [2].
Assigning 16 values for Vi between Vu=0-2000 cm? with V=V (eq. (1)) and solving eq.
(3), (4) (derived from the experimental values) generates V1 and SA values which can both
be used in egs. (8), (9) and on solving simultaneous, generating cylinder L and D values,
Table 1. Solutions to the simultaneous equations give values for the cylinder L=26-28 cm
which do not increase continuously with increasing D values, with D increasing from D~=2.4-
10.3 cm, Table 1, Figure 3B.
If the cylinder L is extended to include the length to the centre of the circular top and base
(Lctn) of the cylinder, L now increases as part of the increasing diameter of the cylinder by
2r, such that

Lers=LA+2r (10)
with Lcre=28-37 cm at D=2.4-10.3 cm, Figure 3B.
If the cylinder is opened and flattened and includes the area of the circular cylinder caps, a
new flat rectangular surface can be created with width (W) defined by the circumference (C):

W =C=2nr=nD (11)
with L now requiring an extend length (Lg) to include the additional length (La) from the
circular top and base:

Le=L+La (12)
with the new flattened area (LaxW) equal to the area of the 2 circular caps (27r?):

LAW = 2(nr?) or La = 2ar?/2nr =r
such that:

Le=L+r (13)
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Figure 3. A. The 6 SA and Vr values including the SD values, from the MRI study are used in egs. (8), (9) to
form simultaneous equations which on solving give the L and D values [2]. For any given Vr value, multiple L
and D values are possible generating multiple SA values as shown for V = 140 cm® with D and L values
expressed as (D, L) coordinates showing SA=193-246 cm? for L=18-32.3 cm and D=2.3-3.2 cm, Figure 2A. The
line of best fit only includes the 6 averaged V1/SA values. B. From the 16 hypothetical Vam=0-2000 cm?,
calculated V1 and SA values from egs. (3), (4) included in egs. (8), (9) and solved simultaneously show an
almost constant value of L~ 26-28 cm with D=2.4-10.3 cm with L declining for D>6-7 cm, Table 1. When both
the cylinder caps radii are included in the L then it is extended by 2r, the extend cylinder Lcts ~29-37 cm show
the expected increase with D=2.5-10.5 cm. C. The cylinder can be opened and flattened to form a rectangle

increasing L by r, with Lk increasing with W value, Table 1.



Meal Total Surface Simultaneous eqs (8), (9) Extended length Cylinder
(e | volume | miysp | Cyimder T Cylider L0 T | e,
(Vrem?®) eq. (4), (5) length (L 2r (D em) rectangle egs. (11)
g (3) o) (12). (13)

0 113 200+37 25.8 2.37 27.0 7.45

100 219 288+36 26.8 3.22 28.4 10.1

200 325 359435 27.35 3.88 29.3 12.2

300 431 418+34 27.6 4.46 29.8 14.0

400 537 472433 277 4.96 30.2 15.6

500 643 521432 27.9 5.42 30.6 17.0

600 749 566431 27.9 5.84 30.8 18.3

700 855 609430 27.9 6.24 31.0 19.6

800 961 649429 27.9 6.62 312 20.8

1000 1173 725427 27.9 7.32 315 23.0
1200 1385 794425 27.7 7.98 31.65 25.1
1400 1597 858+23 27.4 8.62 317 27.1
1500 1703 889+22 27.3 8.92 31.75 28.0
1600 1809 919421 27.2 9.2 31.8 28.9
1800 2021 977+19 26.9 9.78 31.8 30.7
2000 2233 1032+18 26.6 10.3 31.8 325

Table 1. Calculated values of Vr and SA from egs. (3), (4) can be used in egs. (8), (9) describing cylinder V and
SA and solved simultaneously to give L and D values. The calculated L values do not show an increasing trend
with Vum or Vr. On rolling out and flattening the cylinder to form a rectangle, the L values are adjusted to
include the area from the cylinder caps, giving an extended length (Lg) at increasing Vm and V1. The Le and W

multiplied together give a value for the SA of the stomach.

If the cylinder is opened and flattened and includes the area of the circular cylinder caps, a

new flat rectangular surface can be created with width (W) defined by the circumference (C):
W =C=2nr=nD (11)

with L now requiring an extend length (Lg) to include the additional length (La) from the

circular top and base:
Le=L+La (12)

with the new flattened area (LaxW) equal to the area of the 2 circular caps (27r?):
LAW = 2(nr?) or La = 2ar?2nr =r

such that:

Le=L+r (13)



with =D/2 resulting in Lg =27-32 ¢cm and W= 7.5-32.5 cm for Vm= 0 -2000 ¢cm?, Figure 3C,
Table 1. Note Lcrs was extended by 2r for the cylinder while Lg for the rolled and flattened
cylinder to form a rectangular shape, was only extended by r.

The maximum Lcte=37 cm and Lg=32 cm for the cylinder model were comparable to the
maximum greater curvature values for J shaped stomachs, with L=30-34 cm, which includes

both the length and radius of the stomach at D=10 cm [3,6].

Approximations and limitations

Modelling changes of stomach SA with V in vivo is a complex process and it is not
surprising few results are available and over a limited ranges of V [2,8]. Any model
developed to describe the stomach requires many approximations including the shape,
stomach wall thickness, what points to use for the measurement of L, D and the greater or
lesser curvatures values, due to a lack of precise anatomical boundaries [2,3,6]. In this study,
the main approximation was that the trends in SA and V values measures from consuming

Vm=500 cm? of soup, could be extended to Vi =500-2000 cm? [2].

Conclusion

Equations have been developed to allow the calculation of the SA of the stomach in vivo for
any given Vm. For SA =200-1030 cm? at Vm=0- 2000 cm?® with a cylindrical model, when
opened and flattened to form a rectangle, showing L = 27-32 cm with W =7.5-32 cm. The
cylinder model also shows that for any given V, by changing L and D, multiple values for the

SA are possible, indicating that the stomach, by changing shape, changes SA.
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