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Summary
The small intestinal mucosal epithelium is 
the interface between ingested nutrients and 
their distribution networks in the underly-
ing vasculature and lymphatics. This review 
reports on the small intestinal mucosal sur-
face changes in the piglet from birth to the 
time of natural weaning (> 54 days). Despite 
numerous publications on the morphologi-
cal characteristics of the gastrointestinal 
tract, there is limited comparability among 
these due to substantial methodological 

differences. The comparability of the meth-
odological designs used in this review was 
achieved by relativizing the data to the day 
of weaning. Weaning at 35 days or later had 
little to no effect on the intestinal mucosa. 
Early weaning at 28, 21, 14, 5, 3, and 1 day 
after birth was associated with dramatic 
structural changes in the mucosa. A frequent 
observation after early weaning was promi-
nent villus atrophy. While the crypt epi-
thelium responds to redress these dramatic 
changes, villus recovery to near preweaning 

status may be slow. The earlier a piglet is 
weaned, the greater the villus atrophy and 
the longer the time to recovery. A causal 
relationship between reduced feed intake in 
the first days after weaning, independent of 
the diet, and the morphological alterations 
of the intestine is apparent. 
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Resumen - Influencia de la edad al destete 
y el régimen alimenticio en la morfología 
postnatal del intestino delgado porcino

El epitelio mucoso del intestino delgado es la 
interfase entre los nutrientes ingeridos y su red 
de distribución en la vasculatura subyacente 
y linfáticos. Esta revisión reporta los cambios 
en la superficie de la mucosa del intestino 
delgado en el lechón desde el nacimiento 
hasta el destete natural (> 54 días). A pesar de 
numerosas publicaciones sobre las característi-
cas morfológicas del tracto gastrointestinal, 
la  posibilidad de comparación entre ellas es 
limitada debido a diferencias metodológicas 
sustanciales. La posibilidad de comparación 
de los diseños metodológicos utilizados en este 
análisis se logró al relativizar los datos  hasta el 
día del destete. El destete a los 35 días o después 
tuvo poco o ningún efecto sobre la mucosa 
intestinal. El destete temprano a los 28, 21, 14, 

5, 3, y 1 días después del nacimiento fue aso-
ciado con cambios estructurales dramáticos en 
la mucosa. Una observación frecuente después 
del destete temprano fue la atrofia promi-
nente de la vellosidad intestinal. Aunque el 
epitelio críptico responde para reparar estos 
cambios dramáticos, la recuperación de la 
vellosidad intestinal a su estado pre-destete 
puede ser lenta. Cuanto más se adelanta el 
destete del lechón, mayor es la atrofia de la 
vellosidad intestinal, y más largo el tiempo de 
recuperación. Es aparente una relación causal 
entre el consumo reducido de alimento en 
los primeros días después del destete, inde-
pendientemente de la dieta, y las alteraciones 
morfológicas del intestino. 

Résumé - Influence de l’âge au sevrage et 
du régime d’alimentation sur la morpholo-
gie post-natale du petit intestin porcin

 

L’épithélium de la muqueuse du petit intestin 
est l’interface entre les nutriments ingérés et 
leurs réseaux de distribution dans les vais-
seaux sanguins et lymphatiques sous-jacents. 
La présente revue fait état des changements 
qui surviennent à la surface de la muqueuse 
du petit intestin chez les porcelets de la nais-
sance jusqu’au moment du sevrage naturel 
(> 54 jours). Malgré de nombreuses publica-
tions sur les caractéristiques morphologiques 
du tractus gastro-intestinal, la comparabilité 
entre les études est limitée étant donné les 
différences méthodologiques marquées. La 
comparabilité des designs méthodologiques 
utilisés dans la présente revue fut obtenue en 
relativisant les données au jour du sevrage. 
Un sevrage à 35 jours ou plus avait peu ou 
pas d’effet sur la muqueuse intestinale. Un 
sevrage hâtif à 28, 21, 14, 5, 3, et 1 jour après 
la naissance était associé à des changements 
structuraux dramatiques dans la muqueuse. 
Une observation fréquente après un sevrage 
hâtif était une atrophie marquée des villosités. 
Alors que l’épithélium des cryptes répond 
pour renverser ces changements dramatiques, 
la récupération des villosités à un statut pré-
sevrage peut être lente. Plus un porcelet est 
sevré tôt, plus l’atrophie des villosités est mar-
quée et plus le temps de récupération est long. 
Une relation causale entre une diminution 
de l’ingestion de nourriture dans les premiers 
jours qui suivent le sevrage, indépendamment 
de la diète, et les altérations morphologiques 
de l’intestin est apparente.
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With ongoing pressure to improve 
production efficiency, coupled 
with legislative requirements 

to reduce the use of antibiotics in the pig 
industry, it is imperative to identify, qualify, 
and quantify factors affecting nutrient utili-
zation and intestinal function. Additionally, 
the pig is an important model for many 
studies of human intestinal physiology and 
pathology.1-4 Piglets are used as models to 
study enteric infections because the piglet 
gastrointestinal tract, particularly around 
birth and at weaning, closely resembles that 
of humans.

The most important function of the small 
intestine is degradation and absorption of 
nutrients.5-8 Careful qualitative and precise 
quantitative investigations are critical to 
measure the effects of nutrients over time 
on intestinal morphological parameters.9 
The small intestine tunica mucosa’s surface 
epithelium is the principal interface where 
nutrient degradation and absorption take 
place.10 The mucosal functional surface area 
is increased by specializations, such as folds, 
villi, and crypts. The mucosal columnar epi-
thelium consists of many different cell types, 
most of them having prominent microvilli 
in the form of a brush border at the luminal 
surface. In total, the specialised architecture 
of the mucosa increases the surface area by a 
factor of 600.11,12 

As growth performance in pig production is 
an important parameter that is dependent 
on optimal intestinal function, morphomet-
ric analysis of normal and pathologically 
affected mucosa, particularly villi and crypts, 
is widely used in intestinal research. Because 
much of the enzymatic processing of the 
dietary components, as well as absorption 
within the small intestine, occurs near and 
around the villi and crypts, postweaning 
villus atrophy and crypt hyperplasia and 
the subsequent reconstructional processes 
cause a temporary decrease in digestive 
and absorptive capacity.13 A reduction in 
small intestinal villus height after weaning is 
associated with a reduction in brush-border 
enzyme activity. Therefore, postweaning 
weight gain is correlated with villus height.14 
Positive correlations of villus height to daily 
weight gain have been demonstrated.15 Vil-
lus atrophy, therefore, impairs pig growth 
performance by reducing nutrient absorp-
tion.14-17

Morphometry involves a quantitative assess-
ment of intestinal architecture and is more 

reliable and reproducible than any subjec-
tive assessment. It may also be important 
in assisting in the diagnosis of many patho-
logical conditions, such as discriminating 
different types of inflammatory diseases 
of the small intestine not readily apparent 
during routine assessment.18,19 In addition, 
morphometry has been used to evaluate 
the condition of the intestinal mucosa after 
antibiotic treatment in human patients with 
small intestinal bacterial overgrowth.20 It has 
been suggested that, in pigs, a reduction in 
digestion and absorption would encourage 
development of an osmotic diarrhea, while 
unabsorbed dietary material could act as a 
substrate for enterotoxigenic Escherichia coli 
in the gut.21 However caution should be 
taken when evaluating morphology alone as 
a measure of gut development or health. For 
example, in humans it was found that diar-
rheal diseases like cholera or norovirus infec-
tion may be without histological changes in 
the intestine, despite substantial rates of net 
fluid loss, electrolyte secretion, and altered 
barrier function.22 Moreover, it is not 
known whether the presence of pathogens 
in the small intestine is a cause or effect of 
changes in small intestinal morphology.13

This review aims to survey the current lit-
erature on morphometric evaluation of the 
postnatal development of the porcine small 
intestine, focusing on the influences of age, 
weaning, and feeding regimes. Only data 
from researchers who presented their results 
in numerical form and over an observation 
period of more than 1 day were evaluated in 
the review. Pig breeds used in the research 
reviewed and evaluated were Landrace, 
Large White, and their hybrids. Due to dif-
ferences in study design in the publications 
being reviewed, and to allow meaningful 
comparisons, the data were converted to per-
centages of the parameters measured at the 
time of weaning. The parameters measured 
in the studies reviewed include intestinal 
weight and length, villus height and width, 
crypt depth, and villus:crypt ratio.

Challenges in defining the 
small intestinal segments 
and artifacts associated with 
tissue processing as well as 
morphometry
The gross anatomy of the pig small intes-
tine has been described previously in 
textbooks.23-26 As in all mammals, the pig 

small intestine has three structurally and 
functionally different regions: the duode-
num, the jejunum, and the ileum. The three 
regions of the small intestine are less clearly 
defined microscopically in the pig than in 
humans.27-29 In contrast to most mammals, 
the submucosal glands of Brunner in adult 
pigs extend not only the full length of the 
duodenum, but also into the proximal jeju-
num, thus extending along approximately 
4 m of the small intestine.11,30 A further 
porcine characteristic is that the lymphatic 
aggregations are much more extensive in 
their distribution. Components of the gut-
associated lymphatic tissue (GALT) are 
found along the whole length of the porcine 
intestine.31,32 The aggregated lymphatic 
nodules in the tunica mucosa and tela sub-
mucosa, known as Peyer’s patches, which 
occur in different forms and locations in the 
pig, are not restricted to the ileum.27-29

Sample sites used in the morphometric 
studies reviewed vary considerably. Some 
researchers provided little or no information 
regarding the exact areas from which their 
samples were taken. This is of particular 
importance when considering the elongate 
jejunum. To minimize the effects of this 
problem, wherever possible, the data on 
the small intestine were classified into three 
categories: the proximal, middle, and distal 
thirds. The intestinal segments studied by 
the various research groups are indicated as 
closely as possible. In cases where research-
ers used “duodenum, jejunum, and ileum,” 
for example Makkink et al,33 we classified 
these as “proximal, middle, and distal” small 
intestine. Identification of sample sites used 
in the morphometric studies was not the 
only problem in evaluating morphometric 
data. Many artefacts associated with tissue 
processing and evaluation for villus height 
measurements may confound the results of 
studies and make them difficult to compare. 
As Greeson and Jan34 point out, in diverse 
examples in human anatomy, many chal-
lenges are associated with evaluation of 
morphometry. For example, the duodenum 
is constantly assaulted by damaging peptic 
juices that often cause gastric surface cell 
metaplasia, irregular villous architecture, 
and Brunner’s gland hyperplasia. Villus 
morphology may also appear markedly 
different in the presence of large lymphoid 
aggregations, such as Peyer’s patches in 
the terminal ileum. The orientation of the 
tissue when the section is cut can cause 
distortion and apparent shortening of the 
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villi. Probably the most important artifact 
associated with tissue orientation is that 
of tangential positioning. This is the single 
most common cause of errors in small intes-
tine biopsy interpretation because it results 
in an illusion of shorter villi that appear to 
be associated with an increased number of 
lamina propria cells. The effect of crushing 
tissues both during sample collection and in 
subsequent processing is another artefact. 
Some degree of crush artefact may be pres-
ent at the edges of biopsy specimens, but the 
central portions should be intact if the tissue 
is oriented correctly. Even with perfect ori-
entation, one rarely encounters many normal 
villi in a row, all perpendicular to the lumen. 
More often villi are bent in different direc-
tions, and the crypts have varying angula-
tions. Consequently, a diagnosis of “normal” 
requires examination of many sections and 
overall familiarity with the tissues being 
examined.34,35 Use of different protocols for 
tissue processing is another factor influenc-
ing morphological parameters. For example, 
Rieger et al9 showed that different fixatives 
can have a huge influence on porcine intes-
tinal tissue shrinkage, and consequently 
studies using different protocols are difficult 
to compare.

Tables 1 and 2 provide overviews of the 
experimental designs taken from the litera-
ture included in this review. The treatments 
of each study analyzed (weaning age, days of 
sampling, studied small intestinal segments, 
parameters measured, and number of ani-
mals examined) are summarized here.

Influence of age on 
postnatal development and 
morphometry of the small 
intestine: intestinal weight 
and length
Weight and length have been used as indica-
tors of the digestive and absorptive capacity 
of the small intestine.10,36,46,51 In the adult 
pig, the overall length of the small intestine 
is reported to be between 16 and 21 m, of 
which the duodenum ranges from 0.70 to 
0.95 m, the jejunum from14 to 19 m, and 
the ileum from 0.70 to 1 m.23 In the growing 
pig, these parameters are constantly chang-
ing. In the first postnatal week, the small 
intestine of piglets increases up to 70% in 
total tissue weight, 115% in mucosal tissue 
weight, 24% in length, and 15% in diam-
eter.46,54 However, Wijtten et al55 reported 

that the small intestine’s relative total tissue 
weight and the small intestinal mucosa’s 
relative weight (tissue weight per kg body 
weight) decreased over the period immedi-
ately after birth until about 21 days of age. 
After this time, the relative weight of the 
small intestine started to increase in suck-
ling pigs, but not in piglets that had been 
weaned. These differing findings, notably 
of the mucosal development in the growing 
piglet, highlight the problem of comparing 
relative and absolute measurements, since 
they can lead to completely contradictory 
interpretations.

Weaning is a stressful process for piglets, 
with severe consequences on the intestinal 
tract. This was seen at 2 to 3 days post wean-
ing when the relative small intestinal weight 
was about 80% of the preweaning weight 
as a consequence of low feed intake during 
this period.10,51 The small intestine’s relative 
weight recovers rapidly to preweaning level 
by 7 days post weaning and continues to rise 
to about 200% of the preweaning weight by 
21 days post weaning. Wijtten et al55 suggest 
that this later rapid increase in small intesti-
nal weight is probably related to consump-
tion of solid food. Presumably, consumption 
of solid food stimulates increases in cell 
numbers and dimensions in the tunica mus-
cularis, tela submucosa, and tunica mucosa 
due to development of full mechanical, 
degradative, absorptive, and immunologi-
cal functions resulting in a dramatic rise in 
intestinal and mucosal weights.55

In contrast to intestinal weight, intestinal 
length has a more constant development 
(Figure 1). Efird et al36 showed that there was 
a significant linear effect (P < .05) between 
age and the relative length of the small intes-
tine. According to Efird et al,36 relative small 
intestinal length tended to decrease with age 
(significant linear effect), with the difference 
being greatest at 42 days, when it reached sta-
tistical significance. This seems to be a natural 
developmental process and is in line with the 
data of Marion et al,46 who weaned piglets 
at 7 days of age and found that at 21 days of 
age, in unweaned piglets, as well as in those 
weaned, relative small intestinal length was 
35% shorter (P < .001) than at 7 days of age.

Relative intestinal length appears to be 
related to feed intake and feed composition 
after weaning (Figure 1).36,46 Marion et al46 
suggested that the length of the small intes-
tine was correlated with the metabolizable 
energy intake after weaning. Between 3 and 

7 days post weaning, relative length of the 
small intestine remained unchanged in pig-
lets with a high feed intake, whereas in those 
on a low feed intake, length of the small 
intestine increased approximately 118%.

Efird et al36 investigated the specific effects 
of various protein sources, ie, pigs weaned at 
21 days of age to a 24% cow’s milk protein 
diet fed dry ad libitum, a 24% cow’s milk 
protein diet fed as a liquid hourly, and a 24% 
corn-soybean protein meal diet fed dry ad 
libitum. They found that pigs fed the dry 
corn-soybean protein diet tended to have a 
greater relative intestinal length than pigs 
fed either dry or liquid protein from cow’s 
milk (P < .05; Figure 1A). It can be assumed 
that the cow’s milk protein is more readily 
digested.16,56

In conclusion, in keeping with the data pre-
sented in Figure 1, the relative length of the 
small intestine in both weaned and suckling 
piglets decreased with age.

Influence of age on 
postnatal development and 
morphometry of the small 
intestine in unweaned piglets: 
villus height and width
Skrzypek et al48 reported that at birth, the 
surface of the mucosa in the small intestine 
is folded and covered by finger-shaped villi 
ranging in height from 289 µm in the duode-
num to over 746 µm in the mid jejunum and 
537 µm in the ileum. However, by day 38  
(3 days post weaning) the heights of the villi 
were quite different, ranging from 350 µm 
in the duodenum to 314 µm in the mid jeju-
num and 282 µm in the ileum.48 Skrzypek 
et al48 used scanning electron microscopy 
to investigate the changes in villus shape 
following birth. They noted that at birth 
the villi were uniformly finger-like in shape. 
The density of villi was high throughout the 
entire small intestine. The villus surface was 
irregular and had many transverse furrows. 
Over time (examined at 3, 7, and 21 days 
of age), villus shape changed gradually to 
become leaf- or tongue-like, and villus forms 
became more irregular, with many becoming 
branched and divided. The surface of the 
villi became progressively smoother, and the 
transverse furrows were less numerous, nar-
rower, and shallower, but still present at  
21 days of age.
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Table 1: Analyzed references regarding effects of weaning age of pigs and time of sampling

Reference Weaning age (days)
Time of sampling

Days after weaning Age (days)
Efird et al36 21 7, 14, 21 NP

Hampson37 21 0-5, 8, 11 NP
Unweaned NA 21-26, 29, 32

Cera et al10

21 0, 3, 7, 14, 21, 28 NP
35 3, 7 NP

Unweaned NA 2, 10, 21, 28, 35

Kelly et al38 14 0, 3, 5, 7 NP
Unweaned NA 14, 21, 22

Kelly et al39 14 5 NP
Makkink et al33 28 0, 3, 6, 10 NP
Pluske et al16 28 0, 5 NP
Nunez et al40 5 0, 30 NP
van Beers-Schreurs et al41 28 0, 4, 7 NP
Tang et al42 12 0, 3, 22 NP
Spreeuwenberg et al43 26 0, 1, 2, 4 NP
Conour et al44 1 0, 3, 7 NP

Gu et al45 17 0, 3, 7, 14 NP
21, 28, 35 0, 7, 14, 21 NP

Marion et al46 7 0, 3, 7, 14 NP
Unweaned NA 7, 21

Vente-Spreeuwenberg et al47 27 0, 4, 7, 14 NP

Skrzypek et al48 35 3 NP
Unweaned NA 0, 3, 7, 21

Brown et al49 19 1, 3, 11, 25 NP
Verdonk50 28 0, 1, 2, 4 NP
Montagne et al51 21 0, 2, 5, 8, 15 NP
Verdonk et al52 26 0, 4, 7 NP
Moeser et al53 21 0, 4 NP

NP = not provided; NA = not applicable.

In general, after birth there is an initial elon-
gation of the villi, then a gradual shortening 
over time, depending on age and location in 
the various intestinal segments. For example, 
comparing the small intestinal segments with 
each other, Marion et al46 reported that, 
associated with longer villi proximally, the 
reduction of villus height was more marked in 
the proximal than in the distal small intestine. 
They found that villus height in the proximal 
small intestine was 17% greater (P < .05) at 7 
days of age than in the middle and distal small 
intestine. In contrast, at 21 days, location in 
the various intestinal segments had no effect 

on villus height. Gu et al45 reported that age 
of piglets had a significant effect on villus 
height in the duodenum, distal jejunum, and 
ileum, with the shortest villi occurring on day 
29, while villus height in the proximal jeju-
num was unaffected by age of piglets.

From Figure 2, one can see that several his-
tomorphometric studies report inconsistent 
changes in villus height in the proximal small 
intestine (Figure 2A), but villus heights in 
the mid and distal small intestine decreased 
(Figure 2B and 2C).

Marion et al46 found that at day 7, villus 
width in unweaned piglets was 127 µm, 
128 µm, and 139 µm in the proximal, middle, 
and distal small intestine, respectively. 
Between 7 days and 21 days of age, villus 
width in the proximal and middle small intes-
tine increased in unweaned piglets (115% 
and 108%, respectively), but decreased in the 
distal small intestine (87%). However, these 
data were not statistically significant.
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Table 2: Analyzed references, small intestinal segment (SI), parameters measured, and number of animals examined

Reference Small intestinal segment Parameters measured No. of pigs
Efird et al36 Entire length of  SI SI length, SI weight 69

Hampson37 2%, 25%, 50%, 75%, and 98% 
along SI SI length, villus height, crypt depth 112

Cera et al10 From the intestinal midpoint SI weight, villus height, microvillus 
height 195

Kelly et al38 10%, 30%, 50%, 70%, and 
90% along SI SI weight, villus height, crypt depth 20

Kelly et al39 10%, 30%, 50%, 70%, and 
90%  along SI SI weight, villus height, crypt depth 36

Makkink et al33 Duodenum, jejunum, ileum SI weight, villus height, crypt depth 70
Pluske et al16 25%, 50%, and 75% along SI Villus height, crypt depth 18

Nunez et al40 Proximal, middle, and distal SI SI weight, villus height, villus width, 
crypt depth 19

van Beers-Schreurs et al41 10%, 25%, 50%, 75%, and 
95% along SI SI weight, villus height, crypt depth 54

Tang et al42 Proximal, middle, and distal SI Villus height, crypt depth 15
Spreeuwenberg et al43 Proximal, middle, and distal SI SI weight, villus height, crypt depth 66

Conour et al44 Jejunum, ileum SI length, SI weight, villus height, villus 
width, crypt depth 38

Gu et al45
Proximal duodenum, proximal 
jejunum, distal jejunum, and 

middle ileum
Villus height, crypt depth 54

Marion et al46 Proximal, middle, and distal SI SI length, SI weight, villus height, villus 
width, crypt depth 56

Vente-Spreeuwenberg et al47 Proximal, middle,  and distal SI Villus height, crypt depth 108
Skrzypek et al48 Duodenum, jejunum, ileum Villus height 10
Brown et al49 Duodenum, jejunum, ileum Villus height, villus width, crypt depth 88
Verdonk50 Three jejunal sites* Villus height, crypt depth 48

Montagne et al51 Proximal jejunum, distal ileum SI length, SI weight, villus height, villus 
width, crypt depth, crypt width 60

Verdonk et al52 Proximal and distal small 
intestine Villus height, crypt depth 48

Moeser AJ et al53 Mid-jejunum and distal ileum Villus height, crypt depth 36

* 0.5 m and 3.5 m distal to the ligament of Treitz and 0.5 m proximal to the ileocaecal ligament.

Influence of age on 
postnatal development and 
morphometry of the small 
intestine in unweaned piglets: 
crypt development
In unweaned pigs, crypt depth is an indica-
tor of the rate of crypt cell production, as 
well as an indicator of the functional matu-
rity of villous enterocytes.37 An increase in 
crypt cell production is usually a response to 
a higher rate of cell loss on the villi and leads 

to greater crypt depth.10,37,57,58 A method 
to estimate crypt cell production is to deter-
mine the villus or crypt cell populations 
by counting epithelial cell nuclei.37,58,59 
Another approach is to determine the 
mitotic index. Kenworthy58 accomplished 
this by counting the total number of crypt 
cells and the number of crypt cells in mito-
sis. The mitotic index is the number of cells 
in mitosis per 100 crypt cells.

Crypt depth along the length of the small 
intestine increases with the age of the piglets 

(Figure 3). According to the studies of 
Hampson,37 crypt depth ranged between 
131 µm and 199 µm in the proximal small 
intestine, between 126 and 168 µm in the 
mid small intestine, and between 96 and 
173 µm in the distal small intestine. Kelly et 
al38 found a significant decrease (P < .05) 
in crypt depth from proximal to distal small 
intestine (Figure 3). In contrast, Marion et 
al46 reported that site along the small intes-
tine had no significant effect on crypt depth 
in suckling piglets.
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Figure 1: Length of the small intestine (SI) per kg body weight (BW) (panel A) and 
length of the SI per kg BW post weaning expressed as a percentage of length of 
the SI per kg BW at weaning (panel B) in pigs receiving different diets (treatments). 
Each line represents a trial: the specific treatment in each trial is indicated via the 
combination of numbers and letters following the reference: Numbers immediately 
after references refer to age of weaning in days. The first letter refers to the physi-
cal form of the diet: d, dry; dm, dry milk powder; ds, dry soybean; f, fasted; i, total 
parenteral feeding; li, liquid; m, mash; PEN, 80% parenteral and 20% enteral feed-
ing; u, unweaned. The second letter refers to the feed intake category: a, adequate; 
h, high; l, low. The dotted line (panel B) represents baseline value at weaning.
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Villus:crypt ratio is the relationship of villus 
height to crypt depth. A low villus:crypt 
ratio may indicate villus atrophy associated 
with an increased rate of cell loss from the 
villus apex, concurrent with increased crypt 
cell production and hence greater crypt 
depth. A higher villus:crypt ratio suggests a 
more differentiated state of the gut.10,37,42,57

Because in unweaned piglets the villi 
shorten and the crypts deepen with age, 
the villus:crypt ratio becomes smaller. 
Hampson37 found that the villus:crypt ratio 
in suckling piglets gradually decreases by 
approximately 50% between 21 and 32 days 
of age (ratios 8:1 and 4:1, respectively). He 
suggested that the gradual reduction of the 
villus:crypt ratio may have resulted from a 

corresponding decline in the nutrient con-
tent of the sow’s milk.

As villus height, crypt depth, and 
villus:crypt ratio show remarkable devel-
opmental changes in the young piglet, their 
morphometric measurements should not be 
considered individually, but should be seen 
as an entity, forming an overall picture.

Influence of weaning on 
postnatal development of 
the small intestine: villus 
development
Weaning is a taxing process for piglets 
because it involves complex social changes 
that result in stress (eg, separation from the 
sow, moving, and mixing with unfamiliar 
piglets) as well as physiological and morpho-
logical changes associated with the changes 
in feed regimen, especially diet composition. 
A typical result of weaning is a decrease in 
feed intake and an increase in the number of 
intestinal infections in the days immediately 
after weaning.56,60-65 In Figure 4, a rapid 
reduction in villus height immediately after 
weaning is clearly demonstrated for all small 
intestinal segments. For instance, Hamp-
son37 showed that villus height along the 
small intestine was reduced to approximately 
75% of preweaning values within just 1 day 
post weaning. The maximal atrophy of small 
intestinal villi occurred between 3 and 5 
days after weaning (Figure 4). At this time, 
villus height in the proximal and mid small 
intestine had dropped, in extreme cases, to 
less than 40% of the values found on the 
day of weaning. This is most likely due to 
stressors at weaning that lead to low feed 
intake and increased microbial challenges 
that occur after weaning. Immediately after 
weaning, the milieu of the small intestinal 
lumen is drastically altered because of the 
change from highly digestible sow’s milk 
to less readily digestible solid food, mainly 
of plant origin.66 The homeostatic control 
provided by milk bioactive substances, such 
as epidermal growth factor, polyamines, 
insulin, and insulin-like growth factors,57 
is no longer present, and the intestinal tract 
has to rapidly adapt its motility and secre-
tions to the altered conditions. After 5 days 
post weaning, villus height slowly increases, 
but does not reach the values found at 
weaning (Figure 4). This correlates with the 
decrease in villus height with age reported in 
unweaned piglets as part of the small intes-
tine’s normal development (Figure 2).37,38,46
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Figure 1 continued: Length of the small intestine (SI) per kg body weight (BW) 
(panel A) and length of the SI per kg BW post weaning expressed as a percent-
age of length of the SI per kg BW at weaning (panel B) in pigs receiving different 
diets (treatments). Each line represents a trial: the specific treatment in each trial 
is indicated via the combination of numbers and letters following the reference: 
Numbers immediately after references refer to age of weaning in days. The first 
letter refers to the physical form of the diet: d, dry; dm, dry milk powder; ds, dry 
soybean; f, fasted; i, total parenteral feeding; li, liquid; m, mash; PEN, 80% paren-
teral and 20% enteral feeding; u, unweaned. The second letter refers to the feed 
intake category: a, adequate; h, high; l, low. The dotted line (panel B) represents 
baseline value at weaning.
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Villus atrophy after weaning is caused by 
either an increased rate of cell loss or a 
reduced rate of cell renewal.57 Several authors 
have reported that the villus atrophy that 
occurs immediately post weaning is more 
pronounced in the proximal small intestine 
than more distally.37,46,51 In addition, Marion 
et al46 provided evidence that recovery from 
villus atrophy by 14 days post weaning was 
more pronounced in the proximal than in 
other parts of the small intestine. They 
found that by 3 days post weaning, after the 

initial decrease, both villus height and width 
increased linearly (P < .05) from the proxi-
mal to the distal part of the small intestine. 
Contrarily, by 14 days post weaning, villus 
height decreased linearly (P < .05) from the 
proximal to the distal small intestine.

Figure 5 shows that immediately after 
weaning, villus width also decreases. In sub-
sequent studies, Marion et al46 found that 
regardless of small intestinal site, villus height 
and width were reduced on day 3 post wean-

ing by 41% and 15% of the values measured 
before weaning, respectively. Only the reduc-
tion in villus height was significant (P < .001). 
In contrast to the slow recovery time of villus 
height, recovery of villus width was rapid, as 
reported by Nunez et al,40 Brown et al,49 and 
Montagne et al51 (Figure 5). For example, 
Montagne et al51 noted that at weaning  
(21 days), villus width in the proximal 
jejunum was 151 µm, and after a marginal 
decrease, villus width reached 150 µm 
only 5 days later and was still increasing 
(P < .05) by day 8 (161 µm) and day 15 
(184 µm) post weaning.

Influence of weaning on 
postnatal development of 
the small intestine: crypt 
development
In contrast to villus height, crypt depth 
shows no clear indications of change imme-
diately after weaning (Figure 6). Several 
research groups report increases in crypt 
depth ranging from 10% to 50% in the first 
4 to 5 days post weaning.10,37,38,42,52 Hamp-
son37 has made a major contribution to this 
research area, reporting a steady increase 
in crypt depths from 21 until 32 days of 
age in both weaned and unweaned piglets. 
However, the increase was much greater 
and statistically significant (P < .01) in the 
weaned piglets, especially in the distal half 
of the small intestine. When he counted cell 
columns, he found that villus atrophy was 
associated with a reduction in the number of 
enterocytes lining the villus due to either an 
increased rate of cell loss from the villus apex 
or a reduction in the rate of cell production 
in the crypts. Furthermore, he suggested 
that the increase in crypt depth over the 
postweaning period was due to increased 
crypt cell production. The increased crypt 
cell production counteracted the rate of 
reduction in villus height and eventually 
equalled the rate of cell loss from the villi. 
Kelly et al38 reported that crypt depth was 
similar in sow-reared pigs at 14 and 22 days 
of age, but tended to increase in the weaned 
groups at all sites along the small intestine. 
This effect was significant (P < .05) at 7 days 
post weaning. On the other hand, Hall and 
Byrne67 determined the crypt cell produc-
tion rate by counting the number of crypt 
epithelial cells arrested in metaphase and 
expressed it as cells produced per crypt per 
hour, calculated from a regression line of the 
accumulated metaphase-blocked cells against 
time. They found that a decrease in crypt cell 
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Figure 2: Absolute villus height in the small intestine of unweaned piglets (proxi-
mal, panel A; mid, panel B; and distal, panel C).
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production rate was associated with villus 
atrophy. Since crypt depth was reduced at 
3 days after weaning, they suggested that vil-
lus shortening was caused by a lower rate of 
cell renewal.67 An initial transient decrease 
in crypt depth or only a marginal effect of 
weaning on crypt depth was found by Beers-
Schreurs et al,41 Spreeuwenberg et al,43 
Marion et al,46 Verdonk,50 and  McCracken 
et al.63 A large decrease in duodenal, jejunal, 
and ileal crypt depth (P < .05) between days 
1 and 3 after weaning was observed by Brown 
et al,49 and crypt depth did not return to the 
initial values found at weaning over the sub-
sequent 25 days post weaning. Both Marion 
et al46 and Brown et al49 interpreted the rapid 
decline and slow recovery in crypt depth as 
reduced antigenic stimulation of the villus 
epithelium in their experiments. This is sup-
ported by the earlier finding of Miller et al,61 
who reported shorter crypts in pigs weaned 
into an environment with lower antigenic 
load than in pigs weaned into an environment 
having a higher antigenic load, suggesting that 
rate of epithelial renewal may be dependent 
on the level of pathogen exposure. Studies by 
Hampson et al60 have shown that the wean-
ing process is accompanied by significant 
increases in the numbers of pathogens such as 
hemolytic Escherichia coli and rotaviruses, as 
well as by a reduction in favorable lactobacilli 
in the small intestine of piglets. Invasion of 
the intestine by pathogens leads to epithelial 
cell damage.49,68 The intestine may respond 
to this by increasing its rate of epithelial 
renewal,68 thus impacting villus and crypt 
architecture.

As a consequence of postweaning changes 
in villus height and crypt depth, the 
villus:crypt ratio is significantly lower in 
weaned piglets than in unweaned piglets. 
Villus atrophy seems to be associated with an 
increased rate of villus cell loss or decreased 
crypt cell production or both. These have the 
greatest effect on villus and crypt architec-
ture.57 Kelly et al38 weaned pigs at 14 days of 
age and found that the villus:crypt ratio was 
significantly lower (P < .001) in weaned pigs 
than in sow-reared animals at 21 days of age 
(ratios being 2.44 and 6.62, respectively).

Hampson37 reported that the lowest values 
of the villus:crypt ratio (1.5 to 2.0 along 
the small intestine) occurred approximately 
5 days after weaning and remained the same 
until at least 11 days post weaning. He 
suggested that, following this short period, 
there was a dynamic relationship between 
cell production and cell loss along the small 
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Figure 2 continued: Absolute villus height in the small intestine of unweaned 
piglets (proximal, panel A; mid, panel B; and distal, panel C).
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Figure 3: Absolute crypt depth in the small intestine of unweaned piglets (proxi-
mal, panel A; mid, panel B; and distal, panel C).
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intestine to establish an optimal ratio of 
villus height and crypt depth, linked to the 
animal’s diet. This required at least 5 weeks 
post weaning.

Evaluating the data sets from the literature 
indicates no clear signs of change of crypt 
depth, as demonstrated in Figure 6, which 
shows that in the first 5 days after wean-
ing, crypt depth may increase or decrease 
depending on factors such as age at weaning, 
diet, and genetic background of animals. 
However, in most studies, crypt depth on 
day 4 to day 5 post weaning was greater 
than the initial values found at weaning. It 
increases steadily thereafter, ie, for 30 days as 
reported by Nunez et al.40

Effect of age at weaning
Natural weaning occurs around week 17. 
This was determined over a 3-year period 
from 37 lactations in 16 free-ranging domes-
tic pigs.69 The normal process is for villi to 
undergo shortening before natural wean-
ing.37 The management processes of weaning 
earlier than week 17 can have a significant 
influence on the morphology of the villus 
and crypt epithelial cells. Weaning stress can 
cause morphological changes, such as villus 
atrophy and crypt hypertrophy, that may last 
up to 12 days.37,58,70 It has been proven that 
the age of piglets at weaning influenced the 
period of recovery from villus atrophy.10,45 
Cera et al10 reported a dramatic decline of 
jejunal villus height within 3 days in groups 
weaned at both 21 and 35 days. Thereafter, 
villus height subsequently increased (Fig-
ure 4B). Within 7 days of weaning at 35 days, 
the villi had changed their shape from finger-
like to tongue-shaped, and their height had 
returned to preweaning levels. In contrast, in 
pigs weaned at 21 days, villus recovery was 
much slower. The longer villi, clearly evident 
by 14 days post weaning, did not have the 
characteristic long, narrow, finger-like mor-
phological structure present during the pre-
weaning period. Instead, they were elongate 
and flattened. Villi subsequently changed to 
have a tongue-shaped appearance by 28 days 
post weaning.

The morphological adaptation responses to 
weaning in the small intestine, characterized 
by transformation from a finger-like villus 
population to compact tongue-shaped villi, 
is associated with an increase in the luminal 
surface area. This process occurs more rap-
idly in piglets weaned after 28 days of age.10

Hall et al71 reported that late weaning at 56 
days of age had little effect on the post wean-
ing structure and function of piglet small 
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Figure 3 continued
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intestine. Gu et al45 examined the influence 
of age at weaning on changes in intestinal 
development. They weaned piglets at four 
ages: 17, 21, 28, and 35 days, respectively, 
and their experiment ended on day 50. They 
found that the morphology of the small 
intestine changed more post weaning when 
weaning age was earlier. Villus height in the 
proximal jejunum of piglets weaned at day 
17 decreased and was shortest on day 5 post 
weaning. It required 11 days post weaning 
for villus heights to return to normal, much 
longer than in piglets weaned at later times. 
When piglets were weaned at 28 days of 
age, proximal jejunal villus height did not 
decrease, and by 15 days post weaning it had 
increased to 111% of the weaning height. 
Gu et al45 also found that, in piglets weaned 
at 35 days, proximal jejunal villus height 
increased steadily over time, ie, until the 
experiment finished at 50 days of age. In 
contrast, Marion et al46 showed that early 
weaning at 7 days caused an unrecoverable 
villus atrophy in the small intestine. They 
found that villus height had decreased to 60% 
of preweaning values 3 days after weaning 
and remained at this level for up to 14 days 
(Figure 4). Thus, it appears that pigs weaned 
before 28 days of age do not completely 
recover from villus atrophy, whereas pigs 
weaned at 28 days or later recover read-
ily.55 However, reduction of villus height in 
unweaned piglets of comparable age (Fig-
ure 2) supports the hypothesis of Wijtten et 
al55 that the severity of villus atrophy after 
weaning is similar for pigs weaned at  
1 to 4 weeks of age, taking into account 
that a natural reduction of villus height also 
occurs in unweaned pigs up to 4 week of age.

Recent studies have shown that, in pigs 
weaned on day 21, villus height and 
villus:crypt ratio on days 3 and 7 post 
weaning were lower than at the prewean-
ing stage.72,73 The shorter villi and deeper 
crypts confirm the deterioration of intestinal 
structure induced by weaning. Even so, 
villus height and crypt depth returned to 
their preweaning values by day 14 post 
weaning. However, recovery of intestinal 
barrier function was slower than recovery of 
intestinal mucosal morphology.72,73 Results 
of Hu et al72 indicated that early weaning 
induced sustained impairment in the intesti-
nal barrier, as measured by decreased mRNA 
expression of tight-junction proteins and 
upregulated expression of proinflammatory 
cytokines.
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Figure 4: Villus height post weaning expressed as a percentage of villus height at 
weaning in the proximal, mid, and distal small intestine (panels A, B, and C, respec-
tively) in pigs receiving different treatments as described in Figure 1. The dotted 
line represents baseline value at weaning. NP = not provided.

Influence of feed regimens on 
postnatal development of the 
small intestine
Several studies have reported that major 
postweaning changes, notably villus atrophy, 
seen in small intestinal structure and func-
tion are a consequence of the low voluntary 
food intake occurring at this time. The 
effects of the psychological stressors of wean-
ing, such as separation from the sow, mov-
ing, and mixing with others in the cohort, 
are less substantial .38,40,41,46,56

Likewise, total parenteral nutrition (TPN) 
causes villus atrophy in pigs.16,44,53,74 Park 
et al74 found that, on day 7, body weights 
were similar in unweaned piglets receiving 
TPN starting at day 1 post partum and 
those being fed orally. However, in TPN 
piglets, small intestinal weight, jejunal and 

ileal villus height, and surface area were all 
approximately 50% less.

In 2002, Conour et al44 assigned 38 one-
day-old weanlings to three dietary treatment 
groups: 100% enterally fed (TEN), 100% 
parenterally fed (TPN), and 80% parenter-
ally and 20% enterally fed (PEN) over 7 
days. Body-weight gain was similar for all pig-
lets throughout the experiment. Small intesti-
nal weight (g per kg) was greater (P < .05) in 
TEN piglets than in TPN and PEN piglets 
both on day 3 and day 7. A trend of decreased 
villus height was seen in the jejunum and 
ileum of both parenteral groups, compared 
with TEN values across time (Figure 4B and 
4C). On day 3, ileal crypt depth was lower 
(P < .05) in both parenteral groups than in 
the TEN groups (P < .05). At day 7, ileal 
and jejunal crypt depths were significantly 
lower in both parenteral groups than in the 

TEN groups (Figure 6B and 6C). Conour et 
al,44 using proliferating cell nuclear antigen 
(PCNA) techniques, reported that TPN in 
pigs decreased enterocyte proliferation and 
migration rates. They found that PCNA-
positive epithelial cells were localized in the 
intestinal crypts, and their numbers were not 
affected by mode of nutrition during the first 
3 days of treatment. By day 7, the number of 
PCNA-positive crypt cells was significantly 
elevated in the ilea of the TEN piglets rela-
tive to baseline (day 0). For TPN, a progres-
sion towards reduced epithelial proliferation 
was noted, in that the number of PCNA 
crypt cells was significantly reduced at day 3 
and at day 7, relative to baseline (day 0).44

Moeser et al53 fasted piglets weaned at 21 
days for 4 days and found that villus height 
in the jejunum was lower in the fasted group 
than in the control group on day 4 (P < .05). 
No differences between the two groups were 
observed in villus height in the ileum or 
crypt depth in the jejunum or ileum (Figure 
4B and 4C, and Figure 6B and 6C). While 
there is only limited data for pigs, Goodlad 
and Wright,59 using 24-hour fasted mice, 
counted the number of crypt epithelial 
cells arrested in metaphase in animals killed 
at timed intervals. Comparing the fasted 
group to a time-matched control group, in 
the fasted group, there was a marked fall in 
crypt cell production rate along the entire 
length of the small intestine after 24 hours of 
fasting. This remained low until 9 hours after 
re-feeding. The crypt cell production rate of 
all sites then returned to control values.

It seems that the main effect of starvation 
and re-feeding is to increase and decrease 
the duration of the cell-cycle time.57 It is 
likely that luminal nutrition plays a major 
role in the integrity and maturation of the 
structure and function of the small intestine 
after weaning, and that the physical presence 
of food in the gastrointestinal tract per se 
is necessary for structural and functional 
maintenance of the intestinal mucosa. This 
suggests that the rapid decrease in mucosal 
weight and villus height in piglets imme-
diately after weaning is most likely due to 
starvation or low feed intake at this time.

Recent studies showed that feed supplemen-
tation of early-weaned pigs with zinc oxide 
(ZnO)75,76 or diosmectite-ZnO composite 
(DS-ZnO)77 can alleviate weaning-related 
intestinal disorders. Their results show that 
supplemental ZnO or DS-ZnO improved 
daily gain and feed intake and improved 
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Figure 4 continued
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intestinal morphology, as indicated by 
increased villus height, villus height:crypt 
depth ratio, and intestinal barrier function. 
This emphasizes the importance of an opti-
mal nutrient supply in this period of life for 
optimal small intestinal development

Conclusion
The morphology of the small intestine of 
the pig is subject to dynamic changes in the 
postnatal period. Despite numerous publica-
tions on morphological characteristics of 
the gastrointestinal tract, there is limited 
comparability of different studies because 
of substantial methodological differences. 
This review underlines that villus height 
and crypt depth show remarkably interde-
pendent developmental changes. Therefore, 
their morphometric measurement cannot 

be considered individually. Instead, the 
villus:crypt ratio should be evaluated.

Age drives the maturation process, but 
exogenous factors, especially the change of 
diet at weaning, are important modulators. 
A critical evaluation of the available data 
shows that weaning piglets under the age of 
28 days has a major effect on the structure of 
the intestinal epithelium, especially that of 
the villi and crypts. Thus, a morphologically 
mature and stable gastrointestinal tract is age 
dependent, and weaning piglets at 28 days or 
later should allow a safe transition from milk 
to solid feed.

Implications
•	 Villus:crypt	ratio,	rather	than	vil-

lus height or crypt depth, should be 
considered as a single measure for 
evaluation of small intestine maturity 
and health in swine. 

•	 Additional	studies	or	meta-analyses	
may be necessary to determine an 
optimal range of villus:crypt ratio for 
morphological maturity and health of 
the small intestine in piglets.

•	 A	morphologically	mature	and	stable	
gastrointestinal tract is age dependent.

•	 Independent	of	the	starter	diet,	wean-
ing under the age of 28 days has a major 
effect on the structure of the intestinal 
epithelium, while later weaning is 
likely to maintain a favourable mucosal 
structure.
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Figure 4 continued: Villus height post weaning expressed as a percentage of villus 
height at weaning in the proximal, mid, and distal small intestine (panels A, B, and 
C, respectively) in pigs receiving different treatments as described in Figure 1. The 
dotted line represents baseline value at weaning. NP = not provided.
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Figure 5: Villus width post weaning as a percentage of villus width at weaning 
in the proximal, mid, and distal small intestine (panels A, B, and C, respectively), 
in pigs receiving different treatments as described in Figure 1. The dotted line 
represents baseline value at weaning. NP = not provided.
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Figure 5 continued: Villus width post weaning as a percentage of villus width at 
weaning in the proximal, mid, and distal small intestine (panels A, B, and C, respec-
tively), in pigs receiving different treatments as described in Figure 1. The dotted 
line represents baseline value at weaning. NP = not provided.
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Figure 6: Crypt depth after weaning as a percentage of crypt depth at weaning 
in the proximal, mid, and distal small intestine (panels A, B, and C, respectively), 
in pigs receiving different treatments as described in Figure 1. The dotted line 
represents baseline value at weaning. NP = not provided.
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Figure 6 continued: Crypt depth after weaning as a percentage of crypt depth at 
weaning in the proximal, mid, and distal small intestine (panels A, B, and C, respec-
tively), in pigs receiving different treatments as described in Figure 1. The dotted 
line represents baseline value at weaning. NP = not provided.
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Figure 6 continued
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