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Abstract: Induction of ovulation for controlled breeding is available for use around the world, 

and conditions for practical application appear promising. Many of the hormones available, 

such as human chorionic gonadotropin (hCG), gonadotropin-releasing hormone (GnRH) and 

its analogs, as well as porcine luteinizing hormone (pLH), have been shown to be effective for 

advancing or synchronizing ovulation in gilts and weaned sows. Each of the hormones has 

unique attributes with respect to the physiology of its actions, how it is administered, its efficacy, 

and approval for use. The timing for induction of ovulation during the follicle phase is critical 

as follicle maturity changes over time, and the success of the response is determined by the 

stage of follicle development. Female fertility is also a primary factor affecting the success of 

ovulation induction and fixed time insemination protocols. Approximately 80%–90% of female 

pigs will develop mature follicles following weaning in sows and synchronization of estrus in 

gilts. However, those gilts and sows with follicles that are less developed and mature, or those 

that develop with abnormalities, will not respond to an ovulatory surge of LH. To address this 

problem, some protocols induce follicle development in all females, which can improve the 

overall reliability of the ovulation response. Control of ovulation is practical for use with fixed 

time artificial insemination and should prove highly advantageous for low-dose and single-service 

artificial insemination and for use with frozen-thawed and sex-sorted sperm.
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Introduction
Induced ovulation is of great interest for the commercial swine industry. It is a technol-

ogy that can help capture increased genetic gains and improve pig production efficiency 

through use of single sire insemination and optimal time of insemination. Additionally, 

it can serve as a gateway technology for use of cryopreserved boar sperm, sex-sorted 

semen, and low-dose, single-service artificial insemination (AI). Methodology for hor-

monal control of ovulation has been available for the past 60 years with application in 

pigs, humans, rodents, cattle, rabbits, dogs, and birds.1–14 Many species of mammals and 

birds, whether spontaneous or induced ovulators, can respond to exogenous hormones 

for controlled ovulation. For many years, induction of ovulation has been performed 

using highly purified human chorionic gonadotropin (hCG), partially purified pituitary 

isolates (follicle-stimulating hormone [FSH] and luteinizing hormone [LH]), and 

synthetic gonadotropin-releasing hormone (GnRH) and GnRH analogs. In pigs, the 

approach used for ovulation induction has varied depending upon the maturity of the 

animal and whether synchronization of follicle development was applied. Ovulation 

induction has been used to study the physiology of ovulation, oocyte maturation, 
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fertilization, embryo development and survival, as well as 

determining the impact of AI timing in relation to ovulation. 

Ovulation is a highly regulated process, and it is important 

to consider that approaches for its control could influence 

processes related to follicle and ova maturation, ovulation and 

formation of the corpus luteum, fertilization ability of sperm 

and eggs, and embryo development and survival.

Physiology and endocrinology of 
follicle development and ovulation 
in pigs
In the pig, the process of follicle development is controlled 

to regulate the timing and the number of follicles that reach 

maturity in order to ovulate the proper number of eggs. In 

maturing females, primordial follicles leave the resting pool 

and develop to the antral stage, where they become depen-

dent upon FSH for their continued growth and survival. The 

recruited follicles may continue to mature or could undergo 

atresia at any stage as a result of granulosa cell apoptosis.15 

The follicles that continue to mature become visible on the 

surface of the ovary when they reach ∼1 mm in size. Follicle 

maturation models are complex and have been reported in 

the pig based on follicle size, hormone binding, and steroid 

activity.16 FSH binding and receptors predominate in pig fol-

licles that are small to medium sized (1–5 mm) but decline 

as follicles mature to the larger ovulatory size during the 

follicle phase. Small follicles bind predominantly FSH and 

show maximal FSH receptor gene expression, while bind-

ing minimal LH and showing no detectable LH receptor 

expression. Medium-sized follicles can bind both FSH and 

LH, and expresses the genes for each type of receptor. In 

large follicles, LH binding and receptor gene expression is 

high, while FSH binding is minimal and FSH receptor gene 

expression is not detectable.17,18 In the pig, except during 

the follicle phase, maximum follicle size remains below 

6.0 mm, which is known as the small- to medium-sized 

class of follicles. At the start of the follicle phase, a cohort 

of 40–100 surface follicles ,3 and 3–6.4 mm (medium) in 

diameter may be present (Figure 1). From the medium-sized 

pool of  follicles, a cohort is selected to grow and mature. The 

selected follicles likely vary slightly in size, although this has 

not been proven clearly. At the start of the follicle phase, FSH 

is elevated for 24–36 hours before declining. The decline in 

FSH is due to follicle production of inhibin, a protein dimer 

that acts at the pituitary to suppress FSH release.19–22 The 

selected follicles mature in size with an expanding fluid 

antrum. The granulosa and theca cell layers divide and are 

active in steroid production. Ovulatory sized follicles, or 

those follicles that are most often counted and measured at 

estrus, are typically between 6 and 12 mm, depending upon 

whether they are measured by ultrasound (6–8 mm) or by 

physical measurement (8–12 mm). There is evidence that 

not all follicles at estrus are the same size.23–25 This is inter-

esting and may be normal to some extent within a narrow 

size window, but may not be optimal for fertility. The noted 

differences in ovulatory follicle sizes may result from factors 

that cause differences in follicle selection and maturation. 

These may include negative energy balance, stress, lacta-

tion length, and season. Heterogeneity in ovulatory follicles 

may result in variation in oocyte maturity, follicle response 

to the LH surge, and lead to reduced fertilization rates, poor 

embryo survival, cystic follicle development, and poorly 

formed corpora lutea. During a follicle phase in weaned sows 

and mature gilts, ovulatory sized follicles develop during a 

5 to 7 day period, and, as the follicles mature, the granulosa 

cells express aromatase17 and become highly efficient in 

the conversion of steroid precursors to estrogen.26 Estrogen 

produced by the follicles enters into the blood stream and 

acts at the level of the hypothalamus and pituitary to regulate 

GnRH release and the gonadotropin surge.

Control of GnRH release
Positive feedback of estradiol at the level of the hypothalamic-

pituitary axis is the key factor that initiates the ovulatory LH 

surge and the process of ovulation. In humans, estrogen has 

been shown to have positive feedback effects on specific kiss-

peptin neurons that regulate GnRH release.27 Although not 

all species respond similarly, in the pig, estrogen acts at the 

central nervous system to modulate GnRH.28 Administration 

of estrogen has been shown to induce the LH surge, but ini-

tially induces a temporary LH decline,29 which is thought to 

be important for allowing the pituitary to build up LH stores, 

for surge release 24–48 hours later. In pigs, estrogen is known 

to modulate GnRH release to alter gonadotropin release, and 

stalk-transected animals given GnRH show no modulation 

of the gonadotropins by steroids.30 Arrays of neurons that 

synapse in the hypothalamus function to regulate the release 

of neuropeptides and GnRH.30 The hypothalamus is able 

to integrate endogenous and exogenous signals to control 

reproduction through GnRH. Kisspeptin has been identified 

in several species as a neuropeptide secreted by hypotha-

lamic neurons that induces GnRH release through neuron 

depolarization.31 Further, a kisspeptin family of regulatory 

peptides (10–54 amino acids) can bind to neuron receptors 

to regulate GnRH. Although not clear in the pig, numerous 

other vertebrate species have GnRH-inhibiting neurons and 
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hormones that act to inhibit neuron GnRH synthesis and 

release, and inhibit or regulate LH pulse amplitude from the 

pituitary.32 Exogenous kisspeptin given in bolus intravenous 

or subcutaneous injections has been shown to induce LH 

and FSH surge release in several species.33 In gilts, both 

low and high doses of kisspeptin administered by intracere-

broventricular infusion cause an immediate surge release of 

LH, while FSH release occurred only at high doses.34 At this 

time, the ability of exogenous kisspeptin to directly induce 

ovulation through an LH surge has not been clearly demon-

strated, but appears to be possible based on gonadotropin 

release patterns.33

GnRH regulation of LH and FSH
GnRH is released in pulses of defined frequency and 

amplitude that are regulated by signals from internal and 

external cues. Ovarian feedback regulation of gonadotropin 

release can occur through regulation of gonadotroph GnRH 

receptors, neural release of kisspeptin or GnRH. Numbers of 

GnRH receptors on gonadotrophs change temporally relative 

to the LH surge. Pulses of GnRH enter into the hypophyseal 

portal vessels where it may bind pituitary gonadotroph cells to 

induce FSH and LH release. GnRH binds to GnRH receptor 1 

on gonadotrophs by a G-protein coupled receptor, with ligand 

binding leading to activation of second messenger pathways 

(PLC, IP3, and DAG) that increase intracellular calcium, to 

initiate pathways such as ERK (extracellular signal-regulated 

kinase) that are linked to gonadotropin subunit gene tran-

scription.35 GnRH has a short half-life in circulation and is 

cleared within 4 minutes primarily by glomerular filtration 

and through peptidase degradation at the target cell. In the 

pig, GnRH is the primary factor regulating LH release, 

and is demonstrated by: 1) GnRH administration and LH 

release in a near 1:1 relationship, 2) absence of LH release 

in hypothalamic-pituitary axis stalk-transected animals, and 

3) absence of LH release following passive immunization 

FSH

Small follicles
FSH receptor +

Medium follicles
FSH and LH receptor +

Large follicles
LH receptor +

Corpora hemorrhagica

1 2 3 4 5 6 7

Days after weaning

0

Estradiol

LH surge

Figure 1 illustration of follicle development and hormones in the weaned sow during the follicular phase showing small (,3 mm), medium (3–6.4 mm), and large (.6.5 mm) 
follicles and the dominant type of follicle hormone receptor.
Abbreviations: FSH, follicle-stimulating hormone; LH, luteinizing hormone.
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against GnRH. In contrast, GnRH administration and FSH do 

not show 1:1 pulses and stalk transection does not eliminate 

FSH release.30 LH surge release is also distinct from LH 

pulse release, as a surge can only be induced after a period 

of time following estrogen exposure in pigs.29 In pigs, the 

frequency of GnRH pulses affects the patterns of release for 

LH and FSH, with low-frequency GnRH pulses generating 

low-frequency LH pulses and elevated FSH, similar to that 

observed during the luteal phase.19,36,37 In contrast, high-

frequency GnRH pulses increase the frequency of LH pulses 

and induce a surge release of LH and FSH, similar to that 

observed during the follicle phase. Interestingly, the effect 

of high-frequency GnRH pulses on LH release diminishes 

over time and is thought to occur due to downregulation of 

its receptors since pools of LH in the gonadotrophs remain.37 

The importance of GnRH pulsatile release is evident since 

continuous exposure of gonadotrophs to the same level of 

GnRH leads to downregulation of GnRH receptors. Further, 

the amplitude and the frequency of GnRH pulses have been 

shown to alter the synthesis of the α as well as each of the β 

subunits for LH and FSH.38

The physiology of ovulation
The process of ovulation is initiated soon after exposure of 

the follicle to the LH surge, and it quickly becomes indepen-

dent of subsequent gonadotropin control. The surge initiates 

the processes for terminating follicle growth, resumption of 

meiosis, germinal vesicle breakdown, start of luteinization, 

and restructuring of the follicle wall. LH binds to plasma 

membrane receptors in follicular granulosa and theca cells 

through G-protein coupled receptors.39 The surge and start 

of ovulation are associated with increases in: inflammatory 

cytokines (IL-1 and TGFα), COX-2, and prostaglandin,39 

vascular pressure and permeability, and changes in collagen 

synthesis and breakdown.40 Rupture of the follicle and expul-

sion of the cumulus oocyte complex requires breakdown 

of the follicle wall, including the surface epithelium and 

collagen layers in the tunica albuginea and theca externa. 

For several hours after the LH surge, minimal modification 

of the follicle is evident, but with progression, changes are 

noted in follicle swelling, shape, and blood flow. The process 

of ovulation can be blocked by inhibitors of protein, steroid, 

or prostaglandin synthesis, indicating a complex sequence 

of events. Protein synthesis is essential for production of 

enzymes needed in the synthetic pathways involved in tissue 

remodeling and hormone production in the follicle. Steroid 

production in the follicle is also essential to ovulation in 

mice as increased progesterone production and progesterone 

receptors are observed following the LH surge. The LH 

released during the surge binds to its receptors on granulosa 

cells and induces an increase in progesterone receptors on the 

same cells within 4–8 hours.41 The critical role of progester-

one is demonstrated by inhibition of ovulation with RU-486, 

a progesterone receptor antagonist, and the observation that 

the progesterone receptor knockout mouse cannot ovulate, 

despite normal development of the oocyte and cumulus cells 

following the LH surge.42 Ovulation also depends on prosta-

glandin production through the inflammatory response,18 and 

blocking prostaglandin production by indomethacin prevents 

ovulation but not oocyte maturation, luteinization, or a rise 

in progesterone. The increase in prostaglandin following the 

LH surge induces plasminogen, matrix metalloproteinases, 

ADAMTS enzymes, collagenase, and other enzymes in the 

follicular cells that will act to degrade the follicle wall.43

A figure to help illustrate the relationship of reproductive 

hormones, estrus, and ovulation in pigs is shown in Figure 2, 

and utilizes profiles for estradiol, LH, and progesterone from 

weaned sows,44 FSH data based on estrus in mature gilts,36 

and GnRH data from studies in ewes.45,46 In weaned sows that 

displayed estrus on day 4, the average duration of estrus was 

54±15 hours and showed considerable variation in the interval 

from onset of estrus to the time of ovulation during estrus 

(54%–86% of the duration). In sows, the interval from the 

peak of estradiol to the onset of estrus averaged 3±11 hours, 

the peak of estrogen to the peak of LH, 11±5 hours, and the 

peak of estrogen to ovulation, 41±4 hours. These data also 

reveal that the interval from onset of estrus to onset of the 

LH surge was –5±10 hours, onset of estrus to the LH peak 

was 8±11 hours, onset of the LH surge to ovulation was 44±3 

hours, and peak of LH to ovulation 30±3 hours.44 The dura-

tion of the LH surge has been reported to be ∼24 hours, with 

noted variation in the timing of the surge in relation to the 

onset of detected estrus.47,48 Perhaps, variation in all measures 

for estrus and ovulation may be expected since variation in 

the symptoms and onset of estrus and estrus to ovulation 

have been reported. Variation in timing of ovulation might 

be associated with the extent of follicle heterogeneity, which 

has also been associated with oocyte and embryo diversity.49 

Despite evidence of follicle heterogeneity, the duration of 

ovulation appears to vary little, lasting only 2–4 hours in pigs, 

with the order of follicle ovulation not related to follicle size 

or associated with embryo diversity.50

Induced follicle maturation
A primary requirement for success in ovulation induction is 

the presence of mature follicles on the ovary that can respond 
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to an LH surge. Follicle maturation can be induced in prepu-

bertal gilts, cyclic females, and lactating and weaned sows. 

Interest in these animals focused on synchronized breeding 

management and establishing pregnancy during lactation in 

sows. While in many cases of induction of estrus and ovula-

tion, fertility is achieved following insemination, there are 

also cases of fertility failures that are associated with devel-

opment of cystic follicles, lack of mature follicle growth, 

estrus expression, and conception. Failure to induce follicle 

development and estrus expression have been associated 

with the ratio of FSH:LH activity, the concentration of the 

hormones, and the duration of stimulation. In pigs, ovarian 

follicles that have reached a minimum stage of maturity (∼6 

mm) appear able to respond to hCG and form corpora lutea 

compared to less mature follicles51 and are 1–2 mm smaller 

than the average size of ovulatory follicles measured at 

estrus.23,52,53 The use of gonadotropins to mature follicles and 

induce estrus expression has been reported following use 

of hormones with predominantly FSH activity, and include 

equine chorionic gonadotropin (eCG),54 eCG with hCG,55 and 

partially purified FSH.56 In pigs, hCG given to prepubertal 

gilts can induce ovulation but is much less effective for 

induction of estrus and suggests estrus and ovulation rely on 

follicle maturity, estrogen production, and feedback which 

requires some level of FSH support.57 In pigs, single injec-

tions of eCG with or without hCG induce follicle maturation 

and estrus expression within a 4- to 5-day period. As such, 

many ovulation induction protocols use follicle maturation 

using eCG.1,58–61 From a practical standpoint, eCG alone 

and eCG and hCG combinations require a single injection, 

and can induce estrus in 60%–70% of prepubertal gilts and 

improve estrus expression in weaned sows by 10%–15%, 

depending upon parity, lactation length, and season. These 

hormones have been used for many years with great success 

and are approved in numerous countries around the world. 

Use of FSH and the natural form of GnRH can achieve 

a similar result, but due to their short half-lives, require 

multiple injections within a day for FSH and hourly injec-

tions for GnRH. Further, FSH is only partially purified from 

pituitary LH and can vary in bioactivity. Hourly injections of 

GnRH for 7 days was able to induce estrus and ovulation in 

prepubertal gilts,62 with the hourly pulses important in lactat-

ing and weaned sows for inducing follicle growth, estrogen 

production, expression of estrus, and ovulation.63,64 Specific 

GnRH analogs have also been tested for use in swine and the 

analog for GnRH-III (peforelin) given in a single injection 24 

hours after weaning showed minimal evidence for stimulating 

follicle development and improving estrus expression, and 

was not able to increase FSH.65 Another study also showed 

that while GnRH-III did not induce FSH or LH release, the 

GnRH agonist, triptorelin (Gonavet, Veyx-Pharma GmbH, 

Schwarzenborn, Germany), was shown to induce both FSH 

and LH release.66

Hormonal control of ovulation
In pigs with mature follicles, ovulation induction has been 

achieved using hCG,12 pLH,67,68 and GnRH and its analogs.58 

In other species, such as rats, recombinant FSH and LH have 
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also been shown to induce ovulation and oocyte maturation 

similar to hCG.13 For each of the hormones and the methods 

of administration, there are differences in the mechanism of 

action which could be expected to affect the response. The 

use of hCG for ovulation induction has been the most widely 

applied over many years with success in ovulation induction 

and production of ova for in vitro fertilization with minimal 

problems associated with fertility. Comparisons among the 

different hormones and their application is important for 

practical reasons involving purity, production, safety, cost, 

effectiveness, and fertility. In cattle, differences in the pat-

terns of progesterone production suggest hCG may be better 

at inducing corpora lutea formation compared to GnRH 

(buserelin) due to the reduced half-life of LH activity (5 

hours) compared to hCG (30 hours).69 However, in cattle, 

despite wide variation (1,000–10,000 IU) in the dose of hCG 

injected, this has been unrelated to the ovarian response.4,69 

In humans, 10,000 IU of hCG70 is routinely used in ovula-

tion induction protocols, but its use has been associated with 

hyper ovarian stimulation, and associated with the sustained 

bioactivity of  various isoforms of hCG.71 In the pig, the 

effective dose used for inducing ovulation is 500–1,000 IU 

of hCG, with the hormone elevated in blood for 24–36 hours 

following injection.1,12,51 Comparison among species for 

the effects of hCG may be difficult due to the large species 

differences in follicle development and the hCG dosages 

applied. However, certain similarities may suggest a common 

mechanism of action. In humans, hCG and LH bind the same 

receptor but induce different signaling based on their unique 

carbohydrate side chains.72 In livestock, while hCG is highly 

effective, concerns about product sourcing, availability, and 

isoforms suggest that in the future, there could be possible 

advantages to the usage of synthetic analogs. The discovery 

and elucidation of the structure of GnRH in the 1970s lead to 

the synthesis of the decapeptide its agonists and antagonists.73 

Modification of GnRH with substitution of an inactive amino 

acid at position 6 was used to decrease the rate of degrada-

tion by endogenous peptidases, while substitution or deletion 

in amino acid position 10 increased receptor affinity, with 

the combined effect to increase potency 10–200 times.27 

However, in humans and some other species, the intent of 

administration of GnRH with high potency is often to inhibit 

gonadotropin release in the long-term, through blocking or 

downregulation of GnRH receptors.74,75

In swine, synthetic GnRH and its analogs have been 

evaluated and when injected into gilts can induce ovulation,76 

and a surge of LH that peaks 1–10 hours later, with ovulation 

starting between 31 and 36 hours after injection and finishing 

between 35 and 39 hours.77 In a review of approaches for 

ovulation induction, noted individual variation in response 

of gilts in duration of the LH surge, time from injection to 

peak LH, and time from start to completion of ovulation was 

observed. Further, variation in ovulation patterns within an 

animal showed evidence of some animals ovulating all fol-

licles at once, within 2 hours of each other, or over several 

hours. While the cause is not clear, this variation could be 

due to the dose and the hormone used (hCG, gonadorelin, 

goserelin, buserelin, deslorelin, peforelin, or triptorelin) and 

the timing of administration relative to follicle maturity.59 

Early studies in pigs used hCG, GnRH analogs, and even 

the combination of hCG and GnRH to induce ovulation. 

The average time of ovulation was 37 hours after treatment, 

with a range of 24–40 hours, and a mean duration of ovula-

tion of 2.5 hours.58 In gilts treated with eCG, GnRH given 

at 80 hours induced ovulation starting at 35 hours and lasted 

for a duration of 3 hours.1 The same type of approach can 

be applied to groups of gilts synchronized using a proges-

togen, with GnRH given at 120 hours after last progestogen 

application. In barrows and gilts, GnRH agonist treatment 

(goserelin) was shown to induce an LH surge that peaked 

0.5 hours after treatment and returned to baseline within 

4 hours.78 Other studies reported that prepubertal gilts 

treated with eCG followed by injection of a GnRH analog 

72 hours later induced ovulation in all gilts, while GnRH 

given alone without any follicle induction induced only a 

few ovulations.79 Studies testing use of synthetic GnRH 

in gilts reported that when given at the onset of estrus, LH 

was increased as was ovulation rate.80 Others tested GnRH 

(buserelin) and hCG when given at the onset of estrus on 

day 5 in weaned sows and reported treatment advanced and 

induced ovulation, but noted that some of the GnRH treated 

animals developed cysts.81 Alternative methods for GnRH 

administration have been available for many years in humans 

for medical treatment and control of reproduction and have 

included injection, nasal spray, slow release capsules, and 

intravaginal gels.71,73,82 Route of administration has been 

shown to alter the effective dose, and rabbits given a GnRH 

analog in the semen for intravaginal absorption, required a 

15% increase for induction of ovulation through the vaginal 

mucosa.11 In pigs, intravaginal administration of a GnRH 

analog (triptorelin) was shown to induce an LH surge within 

4–16 hours and ovulation within 44 hours following deposi-

tion, and which could be altered by changing the viscosity 

of the carrier gel formulation.83 A similar study evaluated 

administration of GnRH at 96 hours after weaning or at the 

onset of estrus and reported ovulation tended to be advanced 
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when given at 96 hours, but not when given at the onset of 

estrus.84 Subsequent studies with intravaginal administration 

tested a higher dose and observed that while all GnRH doses 

advanced ovulation, only the highest dose induced more sows 

to ovulate within 48 hours after treatment.85

The success of exogenous ovulation induction in pigs 

appears to depend upon the hormone and dose used, the stage 

of follicle development at time of treatment, and ensuring that 

treatment occurs prior to the endogenous LH surge. In a study 

to compare hCG to synthetic GnRH given to sows 72 hours 

after weaning, differences in the responses were noted. Use 

of hCG induced smaller follicles to develop and reduced 

estrus expression, while GnRH induced follicle growth and 

greater cyst formation. It was reported that administration 

too early in the stage of follicle development may ovulate 

more immature follicles, induce cysts, and inhibit estrus 

expression.86 In the pig, this would appear to result from early 

luteinization of follicle cells in response to hCG, which can 

be detected by changes in steroid production within 24 hours 

in vitro and within 48 hours in vivo.87,88 An analogous study 

tested hCG treatment at 72 or 84 hours after weaning, and 

while each appeared to have been too early in the stage of 

follicle maturity, ovulation was advanced in some, but overall 

group synchrony was poor when compared to delay until 96 

hours.85 Yet, delaying treatment until time of onset of estrus 

appears too late, and likely induces an LH surge after the 

onset of the endogenous LH surge. This appears true since 

only 50% of females treated at estrus ovulate within a 38- 

to 48-hour window, while treatment slightly ahead of the 

onset of estrus induces ovulation of smaller sized follicles, 

but with more females ovulating within the window.50 This 

type of ovarian response is supported by a study that delayed 

administration of GnRH until estrus, and which shortened the 

duration of estrus, but had minimal effect for advancing or 

synchronizing ovulation when compared to earlier induction 

at 96 hours after weaning.84

Fertility with AI following induced 
ovulation
In pigs, reports of ovulation induction with timed AI have 

been available for many years. A high proportion of sows 

treated with hCG at 96 hours following progestogen synchro-

nization with or without eCG ovulated within 48 hours and 

only failed to ovulate if they had less mature follicles. Further, 

a single AI performed at 24 hours after hCG resulted in good 

fertility.10 A similar protocol using stimulation of follicle 

development and estrus, with ovulation induction with hCG 

56 or 72 hours later, and followed by a single AI 24 hours 

later, was also reported to be associated with high pregnancy 

rates and litter sizes similar to controls.89 Numerous other 

studies have reported fertility outcomes from similar proto-

cols regardless of whether ovulation was directly assessed 

or not.90 Farrowing rates and litter sizes similar to controls 

inseminated based on estrus were reported when inducing 

ovulation with 500 or 1,000 IU of hCG at 72 or 96 hours 

after eCG, and followed by fixed time inseminations 24 and 

36 hours after hCG.91 Large-scale commercial application 

using induction of ovulation with fixed time inseminations 

was implemented in the 1980s to assist East German pig 

farms address the challenges of increasing farm size, reduced 

labor availability, and need for improved production flow 

and management. By 1990, the technology was being used 

on more than 85% of the farms.59 Considerable data were 

available to show that different products such as GnRH could 

improve ovulation synchrony, with groups starting ovulation 

at 35 hours and completing the process by 40 hours. Reviews 

of fixed time AI protocols in commercial settings revealed 

aspects that could affect fertility responses to insemination 

such as variation in the administration of treatment to start 

of ovulation.59 In studies that used fixed time AI at 24 and 

42 hours following ovulation induction, fertility results were 

acceptable and similar to fertility using conventional insemi-

nations based on estrus at that period of time.58 However, 

the authors reported that fertility responses were affected 

by lactation length and parity and required adjustment in the 

timing of hormone administration if eCG was used for follicle 

induction. The early studies also indicated that replacement 

of hCG with GnRH could improve fertility. In gilts, synchro-

nized follicle development and estrus expression combined 

with induction of ovulation and used with various AI times 

all resulted in good fertility.1 Interestingly, the timing of 

GnRH following the start of the follicle phase had limited 

effects on ovulation synchrony in gilts, in contrast to sows92 

and might suggest greater variation in follicle development 

in sows compared to gilts. A comprehensive review of differ-

ent follicle stimulation procedures combined with ovulation 

induction methods and different fixed time AI schedules 

was recently published.61 Hormones such as pLH given to 

gilts at a fixed time during the follicle phase with AI 32 and 

40 hours later93 and weaned sows given pLH at estrus with 

AI 12 and 32 hours later,67 each induced fertility similar to 

controls. This type of data is also evident with use of hCG 

and GnRH for synchronized gilts, and weaned sows with a 

variety of ovulation induction times during the follicle phase 

and various AI times following induction.1,58,61 Of interest, 

is the importance of a double versus a single insemination. 
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While this has not been tested directly, there are clear indi-

cations that fixed time double inseminations can work1 and 

evidence exists that shows double and single inseminations 

following induction do not differ from controls inseminated 

based on estrus.85 However, in swine, ovulation induction 

coupled with application of only a single, fixed time AI has 

been a goal. A recent study evaluated buserelin given at 

86 hours following weaning, with insemination of sows in 

estrus, 30 hours later. This was done based on previous data 

showing that the GnRH agonist used induced an LH surge 

that peaked 24 hours after administration and resulted in 

ovulation occurring between 32 and 44 hours in 76% of the 

animals. The fertility data from the single AI study showed 

farrowing rate and litter size did not differ from controls.94

Changes and challenges to 
production systems with application 
for ovulation induction
The fact that many protocols can be effective for achiev-

ing fertility in synchronized gilts and weaned sows using a 

variety of hormones and timings for ovulation induction and 

fixed time AI suggests high sensitivity of pig follicles to the 

LH surge and an extended window of time for sperm fertility 

following AI. The different approaches appear to work well 

in many research scenarios, with some tested and shown to be 

effective for inducing high fertility in commercial settings,94 

while in other studies, the induced fertility is deemed accept-

able or not significantly different from controls. This may be 

an important distinction as different operations may place 

priority on matching current farrowing rates and litter size 

targets, while others may add greater emphasis on additional 

considerations that may include labor, production flow, and 

costs. In light of how different farms may value ovulation 

induction with fixed time AI, the selection of this technol-

ogy must be practical for on-farm application and must 

achieve the minimum targets for fertility. For those farms 

that implement the technology, there will be challenges to 

success for ovulation induction and timed AI, since not all 

animals will be at the same physiological stage of follicle 

maturity at the time of protocol implementation. In weaned 

sows, considerable variation in follicle development can be 

assessed through ovarian evaluation of follicle numbers and 

sizes, measures of estrus, and time of ovulation in relation to 

farm, season, parity, and lactation length.17,95,96 Herds with 

excessive variation in lactation length and high proportions 

of parity 1 sows could be expected to show more variation 

in follicle development and poorer responses to ovulation 

induction alone. The fact that follicle development and estrus 

expression can be improved by exogenous gonadotropins 

like eCG1,58,61 and PG600 suggests that their use in sce-

narios with risk of delayed follicle development could prove 

advantageous.97,98 These hormone treatments are not expected 

to work in all cases but can generally improve follicle devel-

opment and estrus expression by 15%–20% in treated sows. 

Poor follicle development is a leading factor associated with 

anestrus or delayed estrus expression and poor response to 

ovulation induction. Estrus expression was reported to be 

reduced by 12% when sows had follicle sizes ,6.5 mm at 

96 hours after weaning.84 There are other reasons sows and 

gilts may fail to respond to ovulation induction and fixed time 

AI, which may include problems of inactive ovaries, cystic 

follicles, presence of corpora lutea, genitourinary disease, 

and reproductive tract abnormalities.84,99–101 In a protocol 

using induced ovulation with fixed time AI, each of these 

fertility problems would likely be associated with protocol 

failure, but would not be correctly diagnosed as female 

infertility. One approach to limit these cases of infertility 

would be to exclude females not expressing estrus at time 

of AI,94 although there is evidence that estrus detection and 

expression is not required for success with ovulation induc-

tion and AI.58,84 Diagnosing the reproductive status of the 

female would be important for determining which animals 

should receive follicle stimulation, ovulation induction, and 

insemination and which ones should be excluded from the 

protocols. The current technology for ultrasound diagnosis 

of reproductive status could also prove useful,102 but its 

application may be too intensive and therefore perhaps more 

practical for targeted diagnosis, and not for routine use on all 

sows or farms. A faster diagnostic test based on indicators 

for metabolic or reproductive state might be more useful 

and practical if a simple sampling approach and indicator 

test could be developed. The costs associated with induction 

and insemination of infertile females, and costs of feeding for 

3–4 weeks, must be weighed against risks for nonresponse 

and diagnostic tests.

For ovulation induction with fixed time AI to work opti-

mally, several steps must occur: 1) follicle growth and matu-

ration should be synchronized in all females; 2) all females 

would have mature follicles at time of induction; 3) all would 

have a similar timed LH surge; 4) all follicles would ovulate 

in a defined window; and 5) sperm would be established in 

the reservoir before ovulation to fertilize all eggs. To achieve 

optimal fertility, important considerations should include 

what types of farms should be enrolled and where should 

effort be applied to improve the response. The reality may be 

that follicle synchrony and maturation will at best be 90%, 
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with many farms likely to show 80% for this measure and 

for all of the other fertility steps. It is also likely that due to 

variation in follicle sizes among and within females, which 

suggests differential gonadotropin stimulation or response, 

the characteristics of the LH surge and response to ovulation 

may also vary, affecting 10%–20% of females. On the posi-

tive side, what appears relatively consistent is the duration of 

ovulation and the window for sperm fertility. Since ova have 

a short fertilization life following ovulation, sperm present 

in the reservoir should be capacitated and ready to fertilize 

the eggs at time of ovulation. Sperm reservoirs with single 

inseminations of liquid extended semen are functional for 

up to 24 hours,103 while frozen-thawed sperm has a much 

shorter window for maximal fertility.104 The impact of sperm 

numbers with use of ovulation induction and fixed time AI 

may become more critical as the number and quality of the 

fertile sperm are changed with use of low-dose AI, frozen-

thawed, and sex-sorted sperm.

Changing the scenario for modern 
swine breeding
It appears that conditions are favorable for adoption of 

induced ovulation with fixed time AI in the pig industry. 

Since different products and procedures have been shown 

over many years to be effective in research and commercial 

settings, the choices of which one to use will involve regula-

tory approval in each country,1,59 costs associated with the 

hormones,94 labor associated with application, and effective-

ness in the production system. Various methods have been 

reviewed for use in gilts and weaned sows and demonstrate 

the timeline for on-farm scheduling.61 The greatest advan-

tages in any production system to control ovulation include 

the potential for increased genetic gain, improved herd fertil-

ity, more consistent production flow, and ability to address 

the challenges associated with labor and management with 

increasing farm size.58 Control of ovulation will also neces-

sitate making breeding decisions regarding the number and 

timing of inseminations, the storage form of the sperm, the 

number of sperm to use, and the site of semen deposition. 

Use of single sire inseminations for capturing genetic gains 

and fertility advantages from high indexing boars for pig 

production has been reported.105 Further, single service 

inseminations will provide the greatest opportunity to capture 

these advantages from distribution of limited numbers of 

sperm from these sires. When using induced ovulation, AI 

with liquid extended semen can utilize a single AI containing 

anywhere from 0.5 to 2.5 billion sperm. As sperm numbers 

are reduced, technologies such as intrauterine insemination 

can prove beneficial for fertility.106–109 Single, timed insemi-

nations will also be necessary and will be most practical for 

use of frozen and sex-sorted sperm due to the costs of their 

production, the limited numbers of viable sperm, and their 

reduced in vivo lifespan.110,111 These technologies although 

limited in use remain important for meeting future goals 

of producing sexed offspring, improving the capability 

for enhanced disease prevention, and expanding time and 

distance for gene transfer through semen. With greater use 

of single-service and low-dose AI, changes will occur in 

selection and inventory of boars in AI centers. Application 

of ovulation induction with timed AI will affect sow farms 

and have dramatic effects on labor associated with major 

events of breeding and farrowing. With use of induced ovula-

tion with fixed time insemination, the daily labor associated 

with boar movement and detection of estrus in females is 

not an essential requirement, and could be reallocated for 

administration of the induction hormones on specific days, 

and other farm tasks. Changes in the AI technology from 

conventional to intrauterine is already progressing, and will 

likely continue to advance with technological advancements 

in catheter design that allow more females to be inseminated 

using uterine deposition techniques.
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