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ABSTRACT
In ruminants, the rumen is the largest and most significant fore-stomach. Stereological analysis 
of important structural parameters that may be used to assess the functional capacity of the 
rumen is lacking. In the current investigation, five rams were used to demonstrate the methods 
for quantifying salient structural parameters related to rumen function. The sheep were 
euthanized with 20% sodium pentobarbital intravenously, the rumen was dissected out and 
divided into the various sacs for gross examination, and fixation by total immersion in 10% 
formalin. Macroscopic ruminal surface area was estimated using the point-associated area 
method. Volumes of the ruminal tissues were estimated by the volume displacement method, 
while volume densities of the components of the ruminal wall were estimated by point 
counting methods. Tissue blocks for histology were obtained by systematic random sampling 
and processed to obtain vertical sections for surface area and volume estimations. Papillary 
densities and numbers were estimated from horizontal sections. The volume of ruminal tissue 
was 536.54 ± 80.52 cm3, the macroscopic surface area was 1091 ± 115.75 cm2 with a papillary 
packing density of 84.64 ± 10.99 cm−2. Average absolute surface area was 4726.74 ± 628.56 
cm2. The total number of ruminal papillae per rumen was 92,884.91 ± 6216.46. The methods 
documented here provide the possibility of doing a detailed stereological analysis of ruminal 
tissue in different experimental or even pathological conditions.
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1. Introduction

The rumen, which is the largest of the fore-stomach 
compartments and vital for microbial fermentation of 
forages and other feeds, as well as for production and 
absorption of volatile fatty acids, synthesizes 70–80% 
of the ruminant’s energy requirements [1]. The sheep 
rumen is a large and sacculated structure, which is 
divided by a series of pillars into five intercommuni
cating discrete ruminal sacs, namely the cranial, dor
sal, ventral, caudodorsal blind and caudoventral blind 
sacs [2]. Histologically the ruminal wall is made up of 
an external tunica serosa, followed by a tunica muscu
laris, tunica submucosa and tunica mucosa. The tunica 
mucosa is studded with papillae, which have varying 
characteristics in the different ruminal sacs [3] and 
play a major role in increasing the absorptive surface 
area for enhanced ruminal function [4,5]. Previous 
histomorphological studies of sheep rumen have 
focused mainly on the qualitative dimensions with 
scanty quantitative data. Available morphometric 
investigations describe only localized portions rather 
than the entire rumen [3,6,7]. Therefore, information 
on the quantitative estimates of tissue parameters in 
the entire rumen is lacking. Design-based stereological 

techniques allow analysis of biological tissues in an 
unbiased way, with the result that the data obtained 
are free of systematic error [8,9].

This far, the morphometric estimates reported on 
the rumen are model-based and include quantities 
such as papillary length and thickness, among others. 
Currently, there are no elaborate methods for quanti
fying ruminal functional tissues, hence the erratic 
reports on rumen morphometry. In the current 
study, basic stereological principles were used to 
design unbiased methods for quantifying functional 
ruminal tissues. The techniques were combined with 
the simple, easy-to-use software; the STEPanizer® 
developed by Tschanz et al. [9]. However, only pre
liminary data are presented in this study to demon
strate the applicability of the new methods.

2. Materials and methods

2.1. Experimental animals

The treatment of animals and experimental set up of 
the present study were approved by the Biosafety, 
Animal Use and Ethics Committee of the Faculty of 
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Veterinary Medicine, University of Nairobi, Kenya 
(approval certificate number FVM BAUEC/2014/025).

Five healthy castrated male dorper sheep aged 
between 12 and 15 months were selected from a larger 
herd raised for impaction experiments. The sheep 
were obtained from Gicheha Farm, Nairobi, Kenya. 
They were ear-tagged with individual identification 
codes and housed together in a stall within the 
Animal Unit of the Department of Clinical Studies, 
University of Nairobi for a 5-week acclimatization 
period. The sheep were fed with Rhodes grass and 
commercially produced concentrates (UNGA AFYA 
Meal®, UNGA Farm Care Ltd, and Nairobi, Kenya), 
supplemented with mineral lick and provided with 
water ad libitum.

2.2. Measurement of body weights

Measurements of body mass of sheep were done using 
a 50 kg capacity Salter® spring hanging scale. Each 
sheep was weighed while supported by a sling hooked 
to the weighing scale suspended to hang from an over
head metal bar.

2.3. Harvesting of tissues for macroscopic, 
histological and stereological analysis

After the acclimatization period each sheep was huma
nely euthanized with 20% sodium pentobarbital intrave
nously. The abdomen was immediately opened through a 
penetrating full-length ventral midline incision and the 
pelvis was opened by cutting through the pubis to expose 
the terminal part of the alimentary tract. The gastroin
testinal tract including the fore-stomachs was removed 
from the abdominal cavity within a short time of opening 
the abdomen by severing the oesophagus several centi
metres cranial to the diaphragm and the terminal rectal 
part.

The combined forestomachs were placed on a dis
secting table with the parietal side facing up. An inci
sion was made into the dorsal sac of the rumen 
beginning from the caudal end of the cranial groove 
just dorsal to the left longitudinal groove and contin
ued to the cranial end of the caudal groove (Figure 1). 
With all parts of the fore-stomachs still attached to 
each other, a cut was made along the mesenteric bor
der of the reticulum, omasum and abomasum to 
empty their contents. The stomachs were washed in 
clean water, and rinsed in phosphate buffered saline. 
The rumen was separated from the rest of the fore- 
stomach compartments by cutting through the 
rumeno-reticular junction and the rumeno-omasal 
junction, weighed and then photographed with muco
sal surface facing upwards. The rumen was dissected 
into its five different sacs namely, the cranial sac or 
atrium ruminis (AR), dorsal sac (DS), ventral sac (VS), 
caudodorsal blind sac (CDB) and caudoventral blind 
sac (CVB) using the procedure described by McGavin 
and Morrill [10] with modifications (Figure 1). The 
cranial sac (AR) was separated from the dorsal sac by 
cutting lateral to the cranial coronary pillar. The CDB 
and CVB were dissected by cutting around the per
iphery cranial to the dorsal and ventral coronary pil
lars leaving the caudal pillar attached to the ventral 
sac. The VS was separated from the DS by cutting just 
dorsal to the right longitudinal and cranial pillars. The 
VS was identified with the right and left longitudinal 
pillars as well as cranial and caudal pillars, which 
guided correct anatomic orientation.

2.4. Fixation of tissues

The rumen sacs were fixed by total immersion in 10% 
neutral buffered formalin (NBF) fixative in individu
ally labelled containers for ease of identification. The 

Figure 1. A and B: Schema of the ruminant stomachs showing the 5 ruminal sacs (a) as well as the abomasum (b). (a): Left side of 
the fore stomachs showing the ruminal sacs clearly demarcated from each other with dotted lines along their respective ruminal 
pillars. The ruminal sacs are atrium ruminis or cranial sac (AR), dorsal sac (DS), ventral sac (VS), caudodorsal blind sac (CDB) and 
caudoventral blind sac (CVB). The reticulum (RT) and the oesophagus (E) are also shown. The ruminal pillars indicated are the 
cranial pillar (cp), lateral longitudinal pillar (lp), dorsal coronary pillar (dcp) and the ventral coronary pillar (vcp). (b): On the medial 
aspect, the oesophagus (E), the rumen (R), the omasum (Om), the reticulum (RT) and the abomasum (Ab) are shown.
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specimens were left in fixative for at least four days 
before further processing.

2.5. Measurement of reference volume of ruminal 
sacs

The reference volume of each ruminal sac was deter
mined using the volume displacement method 
(Figure 2) described by Scherle [11]. In this method, a 
500 ml Pyrex beaker was partially filled with 10% neu
tral buffered formalin and placed on a digital weighing 
scale (Mettler® PM4600 DeltaRange, Switzerland). The 
flap of ruminal tissue was hooked onto a thin metal wire 
clamped to a laboratory stand and submerged in the 
fluid. The weight recorded in grams on the electronic 
weighing balance corresponded to the reference volume 
in millilitres or cubic centimetres of the specific rum
inal sac.

2.6. Measurement of the macroscopic surface 
area of ruminal sacs

The area of each ruminal sac at the gross level referred 
to as macroscopic surface area was then estimated 
using the point-associated area method [8]. Briefly, 

to estimate the area of each ruminal sac, a transparent 
counting grid with test points printed on it, which had 
a value representative of the area associated with a test 
point (a/p), was randomly yet completely superim
posed on the mucosal surface of each ruminal sac. 
The number of test points hitting the surface of the 
ruminal sac was counted. The total area of each rum
inal sac at the macroscopic level was then estimated by 
multiplying the total number of test points counted on 
each ruminal sac by the area associated with the test 
point on the counting grid. The total surface area of 
the entire rumen for each animal was obtained by 
adding the estimated values of each ruminal sac.

Thus the macroscopic surface area for each ruminal 
sac was obtained as, 

Sm¼
X

P�a pð Þ;

Where,
Sm is the macroscopic surface area of the rum

inal sac;
P

P is the total number of test points counted;
a pð Þ is the area associated with a test point.
Alternatively, photographs of the ruminal sacs were 

taken with a ruler placed next to the sac. Subsequently, 

Figure 2. Schema demonstrating the Scherle method of volume estimation. Using a set of clamps, the ruminal sac is suspended 
with a thin wire and then submerged into a beaker containing 10% neutral buffered formalin. The beaker is placed on a weighing 
balance and the reading zeroed prior to the immersion of the ruminal sac. The reading is taken directly from the weighing balance 
and is equal to the volume of the ruminal sac in cm3.

INTERNATIONAL JOURNAL OF VETERINARY SCIENCE AND MEDICINE 61



the lattice grid was placed on the photograph and the 
number of points counted. The area was then esti
mated as, 

Sm¼
X

P�a pð Þ�1=M2 

where M is the magnification.

2.7. Sampling of the ruminal sacs for tissue 
processing and histological evaluation

Each ruminal sac, including the atrium ruminis or 
cranial sac (AR), dorsal sac (DS), ventral sac (VS), 
caudodorsal blind sac (CDB) and caudoventral blind 
sac (CVB) was sampled in a systematic uniform ran
dom manner [12].

The ruminal sac was placed with its serosal surface 
on a dissection wax plate while the mucosal surface 
faced up. It was serially cut transversely to obtain long 
slices of tissue at intervals of approximately 5 cm 
apart. The transverse slices were serially cut in a long
itudinal direction (i.e. perpendicular to the first cut) at 
intervals of 3 cm to ultimately obtain smaller rectan
gular slices of the dorsal sac (Figure 3). From the total 
number of the rectangular blocks of tissue obtained, a 
sub-sample was selected through systematic random 
sampling [12]. The first block of tissue to be selected 
among the first five blocks was determined by ran
domly picking a number between 1 and 5 (Figure 4). 
Thus the number picked determined the starting posi
tion for selecting the first block and subsequently 
every fifth additional tissue block was selected from 
the remaining lot. Selecting every fifth block of tissue 
was done serially through each row in alternate left 
and right directions for the successive rows. Thus if 

the first row was sampled from left to the right, the 
second row was sampled from right to the left; and this 
was continued alternately for all successive rows until 
the sampling of the entire rumen sac was accom
plished. Each of the remaining rumen sacs was sliced 
and sampled as described for the dorsal sac. Each 
tissue slice obtained was divided into two roughly 
equal parts one of which was processed for vertical 
sections and the other one for horizontal sections 
(Figure 4). The five blocks of tissue from each ruminal 
sac were placed as a group in individually labelled 
containers with 10% NBF solution and stored until 
processing time.

2.8. Histology

The selected tissue blocks were dehydrated through 
ascending concentrations of ethanol starting with 70% 
to 100%, then in acetone and cleared in methyl benzo
ate to allow for infiltration process. The blocks were 
infiltrated with molten paraffin and then embedded in 
paraffin wax. Embedding was done with the preferred 
orientation either to generate vertical sections or hor
izontal sections (Figure 5). Subsequently, sections 
were obtained at a nominal thickness of 5 um and 
then stained with haematoxylin and eosin (H/E) for 
observation under the light microscope. Digital 
images were obtained with a Leica ICC-50 Digital 
Light Microscope using Leica LAS EZ software.

2.8.1. Volume density and volume estimation
Digital micrographs of ruminal sac vertical sections 
were used to estimate volume densities of the tunica 
mucosa, the tunica submucosa, the tunica muscularis 

Figure 3. A ruminal sac cut into several slices of approximately equal sizes from which systematic random sampling was done. 
From the top left hand corner, the slices are numbered in an ascending manner starting from 1 (see Figure 4 below). The sampling 
interval was set at 5 and the first slice was picked at random in the interval 1–5.
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Figure 4. Schema showing systematic sampling of the ruminal tissue. A slice is selected randomly (3 in this case) from the interval 
1–5 then every 5th slice is picked until the entire ruminal sac is exhaustively sampled. Each of the slices is cut into two roughly 
equal halves (dashed line) and one of the slices, (for example “A”), is used for vertical sections while the other one (b) is used for 
horizontal sections. The slices were rotated about a vertical axis before embedding to achieve true horizontal and vertical uniform 
random orientation. This was achieved by placing the slice in a petri dish and spinning the petri dish.

Figure 5. Histological micrographs showing a vertical section (a) and a horizontal section (b). Note that the vertical section 
captures the entire wall thickness as well as the lengths of the projecting papillae. This section is used for estimation of volume 
and surface densities. The horizontal section is obtained perpendicular to the long axes of the papillae and as such shows only the 
profiles of transected papillae (P). It is used for estimation of papillary packing densities. The tissue layers denoted are the mucosa 
(arrow), the submucosa (Sm), the tunica muscularis (Tm) and the serosa (arrow-head).
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and the tunica serosa with a point-counting stereolo
gical grid (Figure 6). The surface density of the rum
inal mucosa was estimated using a cycloid test system. 
The stereological estimates were obtained using 
STEPanizer software and the procedure for counting 
individual parameters were followed as described in 

the flow chart by Tschanz et al. [9]. The volume 
density Vv, of a component was determined by divid
ing the number of points falling on the particular layer 
in the rumen wall by the number of points falling on 
the entire rumen wall [13] and expressed as a 
percentage.

Figure 6. Histological micrographs showing a vertical section (a) with superimposed cycloid arc lattice grids for surface density (Sv) 
estimation and with a superimposed set of points (b) for estimating volume densities. The points are electronically generated 
using the STEPanizer software (Tschanz et al. 2011).
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Volume density was calculated as follows, 

VvðCo;RefÞ ¼
P

PtðCoÞ
P

PtðRefÞ
�100 

where,
VvðCo;RefÞ is the volume density of the tissue 

component of the wall of the ruminal sac,
P

PtðCoÞ is the total number of points falling on 
the profiles of the tissue component,
P

PtðRefÞ is the total number of points falling on 
the entire rumen wall.

Absolute volume of a tissue component in the wall 
of the ruminal sac was estimated as follows, 

VCo ¼ VvCo � Vref 

Where,
VCo is the absolute volume of the tissue compo

nent (e.g. mucosa) in the ruminal sac;
VvCo is the volume density of tissue component 

(e.g. mucosa) in the wall of ruminal sac;
Vref is reference volume of the ruminal sac.
For example, 

VðmucosaÞ ¼ VvðmucosaÞ � VðsacÞ

2.8.1.1. Absolute volume of a tissue component in an 
entire rumen per animal. This was calculated as 
follows, 

VðMuc;TotÞ¼Vðmuc;ARÞþVðmuc;DSÞ
þVðmuc;VSÞ þVðmuc;CDBÞ þVðmuc;CVBÞ

Where,
Vðmuc;TotÞ is the total absolute volume of tissue 

(e.g. mucosa) in the rumen;
Vðmuc;ARÞis the absolute volume of tissue in the 

cranial sac;
Vðmuc;DSÞ is the absolute volume of tissue in the 

dorsal sac;
Vðmuc;VSÞ is the absolute volume of tissue in the 

ventral sac;
Vðmuc;CDBÞ is the absolute volume of tissue in 

the caudo-dorsal blind sac;
Vðmuc;CVBÞis the absolute volume of tissue in the 

caudo-ventral blind sac.

2.8.2. Surface density and surface area estimation
For surface density estimates, a cycloid test system was 
superimposed on the projected image of ruminal sac 
(Figure 6) with the vertical axis of the tissue and that of 
the test system running parallel [14]. The vertical axis 
of the tissue was identified as the general direction 
parallel to the long axis of the ruminal papillae. The 
number of intersections of the cycloid arcs with the 
boundary of the mucosal surface of the ruminal sac 
was counted.

Surface density of each ruminal sac was calculated 
as follows; 

Sv ¼ 2�
P

i
l=p�

P
P 

where,
Sv is the surface density of the ruminal sac;
P

i is the total number of intersections between 
the cycloid test lines and the mucosal surface for the 
ruminal sac;

l=p is the test line length per point.
P

P is the total number of points hitting the rum
inal surface.

Absolute surface area of each ruminal sac was cal
culated as follows, 

SAsac ¼ Sv � Vref 

where,
SAsac is the absolute surface area of the rum

inal sac;
Sv is the surface density of the ruminal sac;
Vref is the reference volume of the ruminal sac.
Total surface area of the entire rumen per animal 

was calculated as follows, 

STot¼SARþSDSþSVSþSCDBþSCVB 

where,
STot is the total surface area of the entire rumen per 

animal;
SAR is the surface area of cranial sac;
SDS is the surface area of dorsal sac;
SVS the surface area of ventral sac;
SCDB is the surface area of caudodorsal blind sac;
SCVB is the surface area of caudoventral blind sac.

2.8.3. Numerical density of papillae and papillae 
number estimation
For the packing (numerical) density estimates, a 
counting frame with a forbidden line was superim
posed on the projected image of horizontal sections 
[15]. All the profiles within the frame and all those 
touching the green line but not the black line were 
counted (Figure 7). The area of the counting frame in 
real units was estimated and the numerical density 
calculated. Sampling at the image level was done in a 
systematic way such that counting windows were gen
erated starting from the top left corner of the image, 
moving in the right side while keeping a constant step.

Numerical density of papillae per counting frame 
was calculated as follows, 

NA ¼
Q�
A 

Where,
NA is the numerical density of the ruminal papillae 

per sac;
Q- is the total number of countable papillae profiles 

per counting frame and
A is the area of the counting frame in real units.
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Where there is a different magnification, the equa
tion changes to, 

NA ¼
Q�
A
� 1=M 

To find the average packing density of papillae per sac, 
the total number of profiles counted was divided by 
the total area of the counting frames.

Thus;
Total number of papillae for each ruminal sac was 

calculated as follows, 

NAðpapÞ ¼
P

Q�
P

A
� 1=M 

N(pap) is the total number of the ruminal papillae 
per sac;

∑Q- is the total number of countable papillae pro
files per sac

∑A is the area of the counting frames
M is magnification
Alternatively, the total number of papillae per sac 

can be expressed as follows: 

Nðpap; SacÞ ¼ NA � Smsac 

Where,
Nðpap; sacÞ is the number of papillae in the rum

inal sac;
NA is the numerical density of papillae in the sac;
Smsac is the primary surface area of the rum

inal sac.
Total number of papillae for the entire rumen per 

animal was calculated as follows, 

NTot¼NARþNDSþNVSþNCDBþNCVB 

Where,
NTot is the total number of papillae in the entire 

rumen per animal;
NAR is the total number of papillae in the cra

nial sac;
NDS is the total number of papillae in the dorsal sac;
NVS is the total number of papillae in the ven

tral sac;
NCDB is the total number of papillae in the caudo

dorsal blind sac;
NCVB is the total number of papillae in the caudo

ventral blind sac.

2.8.4. Papillary amplification factors
The papillary amplification factor is an indicator of 
how the papillae increase the primary surface area of 
the rumen. This parameter was estimated retrospec
tively by dividing the absolute surface area with the 
primary surface area of the rumen.

In previous studies amplification factors were esti
mated as a ratio of intersections between the amplify
ing structures to those with the primary surface 
[15–17].

The amplification factor AF is defined as, 

AF½pap� ¼SAsac
Sm 

Where,

SAsac is the absolute surface area of the rum
inal sac;

Sm is the primary surface area of the ruminal sac.

Figure 7. A histological micrograph showing a horizontal section with a superimposed counting frame and papillary profiles (P). 
All profiles within the frame together with those touching the green line are counted but not those touching the black line 
(forbidden line).
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2.9. Statistical analysis

To test the robustness of these methods, both the coeffi
cient of variation (CV) and the coefficient of error (CE) 
were calculated for each parameter. The coefficient of 
variation represents the ratio of the standard deviation 
to the mean, and it is a useful statistic for comparing the 
degree of variation from one data series to another, even 
if the means are drastically different from one another. 
The lower the CV, the better the estimate. When the 
mean value is close to zero, the coefficient of variation 
will approach infinity and is therefore sensitive to small 
changes in the mean. However, the CV does not depend 
on the sample size [8]. Conversely, the CE is a measure 
of how good the estimate is and it is a standard statis
tical value that is used extensively in stereology. It is 
defined as the standard error of the mean of repeated 
estimates divided by the mean.

Thus;
CE = SE/µ
Where
SE is standard error of mean
µ is mean of the sample

3. Results

The morphometric results in this study show the effi
ciency of the techniques described and their applicabil
ity and important trends in some of the parameters and 
for the first time document some basic stereological 
parameters of the ovine rumen under normal feeding 
regiment. In most cases, the coefficient of variation 
remained well below 10% as did the coefficient of 
error, showing that the estimates were quite robust.

The body weights of the five animals used in 
the study did not show significant changes during 
the acclimatization period. The mean body weight 
of the sheep after 5 weeks of acclimatization was 
26.7 ± 2.0 Kg.

3.1. Volumes of ruminal sac tissues, macroscopic 
surface areas, total number of papillae and 
absolute surface areas

The mean volume of ruminal tissue was 
536.54 ± 80.52 cm3. The mean ruminal macroscopic 
surface area was 1091.25 ± 103.53 cm2. Total number 
of papillae was 92,884.91 ± 6216.46, and the mean 
absolute surface area was 4726.74 ± 628.56 cm2. The 
details are provided in Table 1 .

3.2. Mucosal surface densities, papillary packing 
densities and papillary amplification factors

The surface density of the mucosa was 
8.68 ± 0.89 cm−1. The mean papillary packing den
sities did not appear to have a trend and ranged from 
73.67 ± 9.02 in the CDB to 92.54 ± 11.65 cm−2 in the 
AR. The mean papillary packing density for the entire 
rumen was 84.64 ± 10.99 cm−2. The extent to which 
the papillae increased the primary surface area was 
estimated retrospectively by dividing the absolute 
surface area of the mucosa by the macroscopic sur
face area of the respective ruminal sac. Mean ampli
fication factors were highest in the ventral sac at 
5.68 ± 1.11 and lowest in the dorsal sac at 
3.23 ± 0.32 (Table 2).

Table 1. Mean volumes, macroscopic and absolute surface areas as well as papillary numbers in the various ruminal sacs. Total 
values for the entire rumen are also provided. In this and subsequent tables, the standard deviations are given in parentheses.

Ruminal sac

Parameter AR DS VS CDB CVB Total

Tissue volumes (cm3) 112.35 
(13.37)

111.88 
(20.3)

201.34 
(30)

19.75 
(3.07)

91.22 
(19.15)

536.54 
(80.52)

Macroscopic surface areas (cm2) 220.5 
(31.74)

277.65 
(19.39)

334.8 
(46.53)

48.15 
(4.93)

210.15 
(40.05)

1091.25 
(103.53)

Papillary numbers 20,402.62 
(3475.76)

23,484.86 
(4431.03)

26,237.78 
(3699.73)

3565.42 
(635.84)

19,194.24 
(4186.76)

92,884.91 
(6216.46)

Absolute surface areas (cm2) 1012.53 
(214.14)

900.67 
(146.76)

1864.18 
(233.42)

160.23 
(21.72)

789.13 
(146.4)

4726.74 
(628.56)

Table 2. Mucosal surface densities, papillary packing densities and papillary amplification factors in the various ruminal sacs. 
Values for the entire rumen are also provided. All values are given as mean ± SD.

Ruminal sac

Parameter AR DS VS CDB CVB MEAN

Mucosal surface density 
(cm−1)

9.0 
(1.47)

8.10 
(0.66)

9.40 
(1.66)

8.18 
(1.03)

8.74 
(1.19)

8.68 
(0.89)

Papillary packing densities (cm−2) 92.54 
(11.65)

84.88 
(19.12)

79.72 
(16.32)

73.67 
9.02

92.35 
(20.89)

84.64 
(10.99)

Papillary amplification factors 4.58 
(0.59)

3.23 
(0.32)

5.68 
(1.11)

3.36 
(0.48)

3.79 
(0.48)

4.13 
(0.47)
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3.3. Volume densities of the tissue layers of the 
ruminal walls

The volume densities of the tissues constituting the 
ruminal wall show that the tunica muscularis takes the 
largest proportion at about 47.5%, followed by the 
mucosa at 29.6%, then the submucosa at 20.3% and 
the serosa is the smallest at 2.6%. The details are 
provided in Table 3 .

3.4. The volumes of the tissue layers constituting 
the ruminal wall

The volumes of the tissue layers constituting the ruminal 
wall in the various sacs as well as the ruminal totals are 
provided in Table 4. The tunica muscularis was consis
tently the largest component at 256.17 ± 23.3 cm3 fol
lowed by the mucosa at 162.49 ± 45.07 cm3, then the 
submucosa at 106.67 ± 17.3 cm3 and the least was the 
serosa at 13.21 ± 3.4 cm3.

4. Discussion

The data obtained in this study have established basic 
rumen parameters and demonstrated what is achiev
able with the methods described. Many previous mor
phometric studies have used model-based techniques 
to quantify ruminal tissue [18,19]. As reported else
where, many model-based designs are laden with sys
tematic errors [8] and indeed many such studies were 
based on small portions or components of the 
rumen [6,20].

The present study provides a comprehensive set of 
methods and approaches for quantifying ruminal 

structure at macroscopic and histological levels. The 
STEPanizer software [9], which is freely available 
online was used to stereologically analyse histological 
sections. The reference volume is easily obtained using 
the weight displacement method [11] or even the 
Cavalieri method. In the current case, reference 
volumes for individual sacs were determined using 
the former method.

The macroscopic surface areas on the other hand 
were estimated using the point associated area method 
[8]. Vertical sections and cycloid arcs are a convenient 
combination for estimating surface area [14]. The 
cycloid arcs were placed electronically using the 
STEPanizer software and the surface density deter
mined from intersection counts as detailed above. 
The absolute surface area was determined by multi
plying the surface density with the reference volume.

The numerical density of papillae (packing density) 
was estimated as a two-dimensional parameter. Since 
papillae are discrete anisotropic structures, generation 
of horizontal uniform random sections perpendicular 
to the long axes of the papillae captures all the profiles 
of the papillae, provided that the sections are obtained 
at mid-length of the papillae. Previously we have 
demonstrated estimation of number for intestinal 
microvilli from their transected profiles [15]. In all 
cases, 2D counting frames and the forbidden line 
rule [21] are applied. Systematic random sampling is 
done within the tissue sections using counting frames 
and between 100 and 200 papillary profiles per indivi
dual are counted. To estimate the total number of 
papillae per sac, the papillary packing density, NA 

(pap), is multiplied by the macroscopic surface area 
of the sac.

Table 3. Volume densities (Mean ± SD) of the mucosa, submucosa, tunica muscularis and the serosa. Mean values for 
the entire rumen are also provided.

Ruminal sac

Volume density (%) AR DS VS CDB CVB MEAN

Mucosa 29.58 
(4.95)

30.02 
(4.45)

28.38 
(5.02)

31.24 
(5.6)

32.24 
(4.29)

29.58 
(3.54)

Submucosa 16.64 
(2.17)

19.68 
(1.27)

20.36 
(4.38)

21.96 
(3.02)

22.64 
(1.24)

20.26 
(1.03)

Muscularis 50.72 
(5.26)

47.66 
(4.26)

49.38 
(6.42)

43.98 
(5.07)

42.58 
(4.17)

47.5 
(3.62)

Serosa 3.02 
(0.46)

2.64 
(0.70)

1.88 
(0.82)

2.8 
(0.72)

2.54 
(0.69)

2.58 
(0.35)

Table 4. Volumes (Mean ± SD) of the layers of the ruminal wall provided for the various sacs. Mean values for the 
entire rumen are also included.

Ruminal sac

Volume (cm3) AR DS VS CDB CVB TOTAL

Mucosa 33.57 
(8.64)

34.17 
(10.42)

57.97 
(18)

6.93 
(2.45)

29.85 
(9.54)

162.49 
(45.07)

Submucosa 18.66 
(2.96)

22.1 
(4.68)

40.58 
(9.08)

4.79 
(1.26)

20.53 
(3.75)

106.67 
(17.3)

Muscularis 56.71 
(5.97)

52.7 
(5.78)

98.87 
(15.96)

9.41 
(1.06)

38.49 
(6.68)

256.17 
(23.3)

Serosa 3.414 
(0.66)

2.912 
(0.67)

3.91 
(1.94)

0.62 
(0.27)

2.35 
(0.94)

13.21 
(3.4)
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An additional parameter estimated here was the 
papillary amplification factor, an indicator of how 
the papillae increase the primary surface area of the 
rumen. This parameter was estimated by dividing the 
absolute surface area with the primary (mucosal) sur
face area of the rumen. It can be used as an indicator of 
how healthy the mucosa is. Previously, amplification 
factors were estimated for intestinal villi [22] and 
microvilli [16,17,23].

Several studies have shown that papillary morpho
metry can vary with the type of diet [24–26] especially 
in growing animals. It is therefore imperative that 
studies specify the type of feed used and that such 
feeding regimens be maintained in experimental 
groups. It is, however, expected in normal standard 
feeding regimens, data on ruminal morphometry 
should be reproducible.

Both the coefficient of variation (CV) and the coef
ficient of error (CE) were calculated for each para
meter in this study to test the robustness of these 
methods. Generally, the lower the CV, the better the 
estimate. Many parameters, and for most of the sacs 
analysed, CV remained, well below 20%, showing that 
the dispersion remained remarkably low [27,28].

The relationship between the observed variation 
(OCV) is as a result of biological variation (BCV) 
and sampling variation coefficient of error (CE) [8,29].

Thus;
OCV2 ffi BCV2 + CE2

Increasing the number of animals per sample has 
no effect on BCV but affects the sampling variation, 
CE. In most cases in this study, the CE remained well 
below 10% (data not shown).

Paraffin embedding is known to cause substantial 
tissue shrinkage. Tissue shrinkage may be estimated 
from the formula described by Nyengaard [30] and is 
the volume change observed after embedding. 
However, for the coarse parameters estimated in the 
current study, tissue shrinkage may be of little conse
quence since reference volumes and surfaces were 
estimated before embedding, provided that all tissue 
layers have the same degree of shrinkage on paraffin 
infiltration. To avoid problems of tissue shrinkage, 
firm resins such as glycol methacrylate are recom
mended [31]. Elsewhere, tissue osmication and pro
longed staining with uranyl acetate prior to 
dehydration and embedding in plastic have been 
found to greatly diminish shrinkage in ultrastructural 
studies [32].

5. Conclusion

This study shows interesting trends in the morpho
metrics of the rumen structure. When ruminal sacs 
were compared in terms of volumes, macroscopic and 
absolute surface areas, ranking appears to be in the 
order VS>DS>AR>CVB>CDB. Papillary packing 

densities did not appear to have any trend, but total 
numbers were highest in the VS and lowest in the 
CDB. The methods documented here are unbiased 
and devoid of assumptions and it is now possible to 
do a detailed stereological analysis of ruminal tissue in 
different experimental or even pathological 
conditions.
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