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ABSTRACT

The ability to determine the final stages of follicular maturation and detect
impending ovulation in the mare still eludes veterinarians.

The objectives were to

characterize endometrial edema, and follicular wall attributes of the dominant follicle
during the estrous cycle in mares and determine how hormonal manipulation influenced the
outcomes of interest. A computer-assisted image analysis system was used to objectively
evaluate the echotexture oftransrectal ultrasonographic images of the endometrium in the
uterine body, midpoint, and tip of the right and left uterine horns in the mare. Echotexture
was expressed as a computer generated a numeric pixel value (NPV) which reflected the
brightness of the pixel elements within the measurement spot. A novel transrectal
tonometric device was used to measure follicular pressure of the dominant follicle during
estrus. Ten light horse mares were examined during 4 successive estrous periods with
varying degrees ofhormonal manipulation (group 1: natural estrus; group 2: prostaglandininduced estrus; group 3: prostaglandin-induced estrus with hCG administrated when the
dominant follicle was 35 mm in diameter or greater; and group 4: prostaglandin-induced
estrus with hCG administrated when a subjective grade II endometrial edema pattern was
attained). General linear models for repeated measures were used to investigate if there
were differences (p < 0.05) in mean values over time from ovulation.
retrospectively adjusted by hours from ovulation (ovulation

=

0 hours).

Data were
Post-hoc

comparisons between time points were made using the Bonferroni method in SPSS. The
following attributes were evaluated: the mean NPV of the endometrium, mean NPV of the
follicular wall, follicular wall thickness (mean area under the curve) and follicular
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tonometry (mean pounds per square 'inch). Mean endometrial NPV in only the uterine body
changed over time from ovulation {p< 0.001) in groups 1, 3, and 4. In a114 groups, there
was an inverse relationship between the changes in subjective endometrial edema and
endometrial mean NPV in the uterine body. Mean(± SEM) follicular antral diameters
increased until24 hours before ovulation in groups 1 (p = 0.01), 2 (p = 0.03) and 4 (p

=

0.02). Mean antral diameters at time of ovulation for the 4 groups were 45.2 ± 5.5 mm,
46.9 ± 13.5 mm, 39.2 4.1 mm, and 43.0 ± 7.8 mm, respectively. Mean(± SEM) follicular
growth rates for the four groups up to 24 hours before ovulation were: 2.5 ± 0.6 mm/day,
1.9 ± 0.5 mm/day, 1. 7 ± 0.1 mm/day, and 4.0 ± 0.1 mm/day, respectively (p < 0.05). Mean
(± SEM) NPV of the follicular wall increased over time from ovulation for groups 2 (p =
0.05), 3 (p < 0.001), and 4 (p = 0.03). The mean(± SEM) daily change (24 hrs) was 3.1
± 1.9 NPV for group 2, 11.7 ± 5.3 NPV for group 3 and 10.7 ± 4.3 NPV for group 4. There
was a progressive increase in the follicular wall thickness in groups 1 (p = 0.005) and 2 (p
=

0.01). The mean(± SEM) daily changes (24 hrs) for groups 1 and 2 were 71.3 ± 24.6

pixels and 127.0 ± 45.3 pixels, respectively. Mean (± SEM) intrafollicular pressures
decreased 0.5 to 1.0 PSI between 24 and 12 hrs prior to ovulation (p = 0.01, p = 0.01, p <
0.001, p = 0.03 for groups 1, 2, 3, and 4, respectively). Hormonal treatment shortened the
duration of estrus and accelerated the changes in the attributes evaluated. In conclusion,
computer-assisted image analysis and transrectal tonometry provided a means to
objectively evaluate the normal, morphological changes in the endometrium and the
preovulatory follicle of the mare during the estrous cycle.
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1. GENERAL INTRODUCTION

1.1 General

Reproductive efficiency in well-nourished, pasture-bred or feral horses is high
(McKinnon and Voss, 1993). Feral populations ofhorses often achieve higher conception
rates than domesticated populations. The lack of human intervention in these feral
population allows reproductive processes to occur in a natural manner (McKinnon and
Voss, 1993). A stallion, when left to naturally breed a mare, usually achieves a higher per
cycle conception rate than when artificial insemination (AI) is performed with either fresh,
cooled, or frozen semen (McKinnon and Voss, 1993). Factors that limit reproductive
efficiency in horses include: management factors, breeding outside the natural season, mare
subfertility, use of exogenous hormones, and failure to select for fertility in stallions
(McKinnon and Voss, 1993). According to statistics, only 59% of all Thoroughbred mares
bred in 1999 actually produced a live foal in 2000 (Clippinger, 2000).
The lower conception rates which are associated with assisted reproductive
procedures, such as AI with cryopreserved semen (Dobrinski eta/., 1995), are indicative
of a need to perform more fundamental research in order to increase the efficiency of
assisted reproduction in the horse. Advantages of AI in the horse include: a reduced
potential for stallion and mare injury, increased efficiency because multiple mares can be
bred with a single ejaculate, decreased disease transmission between farms and animals
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within farms, and easier access to stallions with superior genetic characteristics (Brinsko

eta/., 1999; Loomis, 1999).
The development ofassisted reproductive techniques, such as AI with fresh, cooled
transported or cryopreserved semen relies on semen collection and processing. The ability
to either permanently or temporarily store equine spermatozoa has resulted in a large
increase in the number of mares being bred by AI with transported semen. In addition, the
number of breed associations approving AI with chilled and/or cryopreserved semen is
continually expanding (Brinsko et a/., 1999; Loomis, 1999). It is imperative that
veterinarians accurately predict ovulation in the mare due to the increased use of assisted
reproductive technology. Accurate ovulation prediction allows practitioners to use a single
insemination in mares close to the time of ovulation, minimizing the economic costs of the
procedure.
Some of the problems associated with the use of cooled transported semen include:
semen shipment availability, variability in methods of estrus and ovulation induction,
individual mare variability, and timing insemination relative to ovulation.

Many

veterinarians experience frustration because chilled semen shipments are only available on
certain days of the week. Weekends and holidays also pose logistical problems because
of difficulties encountered with the clearance and delivery of the semen due to the limited
hours (hrs) of operation of Canada Customs and Revenue service and/or the courier
companies. Therefore, timing ovulation to occur shortly after the arrival of shipped semen
is crucial to maximize the chance of conception. The estrous cycle of the mare must be
regulated so that spontaneous or induced ovulation occurs, ideally, after the semen is
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available. Insemination with fresh semen within the period 48 hrs before ovulation is used
to maximize pregnancy rates (McKinnon and Voss, 1993). Timing is even more critical
with processed semen, as it often has reduced longevity (Dobrinski eta/., 1995).
Difficulty arises when practitioners use ovarian follicular size alone as a indicator
of impending ovulation because of inherent mare, season, and cycle variability (Pierson
and Ginther, 1987). The use ofluteolytic drugs, such as prostaglandin F2a(PGF 2a), further
compounds the problem because the response time to the onset of estrus can vary from one
to seven days. The interval to ovulation may be even more variable. The induction of
luteolysis when there is a large follicle, > 40 millimeters (mm), present also may result in
a variable outcome. The follicle may ovulate within 24 hrs, grow at an average rate and
ovulate shortly after the onset of estrus, or grow to an exceptionally large size and ovulate
at the end of a long estrous period, or regress (Loy et al., 1979).
Characterization of other changes such as follicular wall thickness, follicular
softening, and endometrial edema may be useful to predict ovulation (Gastal eta/. 1998a;
Gastal et al. 1998b; Samper, 1997). Subjective assessment of follicular softening, or
consistency, by rectal palpation has been reported (Samper, 1997). Softening of the
preovulatory follicle has been attributed to a thinning of the follicular wall before
ovulation. However, the use of ultrasonography to evaluate the thickness of the dominant
follicular wall suggested thickness increased prior to ovulation (Gastal et al. 1998b;
Pierson and Ginther, 1985).
Tonometry is a quantitative means of determining pressure and is commonly used
during ophthalmic examinations to evaluate intraocular pressure. It is plausible that there
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are other structures, such as ovarian follicles, to which tonometric devices could be applied
to determine pressure. A transrectal approach may be developed so that a tonometric
device could be incorporated into the ultrasonographic transducer for use in evaluating
changes in uterine and follicular tone.

In addition to changes in tone, changes in

echotexture can be used in both follicles and the endometrium as an aid in the evaluation
ofphysiologic processes leading up to ovulation(Gastal eta/. 1998b; Samper, 1997; Hayes

et a/., 1985; Pierson and Ginther, 1985).
Endometrial edema increases in early estrus, becomes intensified in mid to late
estrus, and decreases just prior to ovulation (Samper, 1997; Hayes eta/., 1985). Samper
(1997) apparently relied largely on estrous behaviour, transrectal palpation of the
periovulatory follicle for softening, and the ultrasonographic appearance of the follicle to
predict impending ovulation in mares. He also used the appearance and resolution of
endometrial edema to estimate the onset of estrus and ovulation, respectively, in the mare.
Presently, practitioners attempt to predict ovulation in mares by evaluation of
changes in follicular size and subjective endometrial edema grades. Improvements in our
understanding of uterine and follicular changes will increase the efficiency of intensive
breeding management. Therefore, veterinary practitioners will be able to use integrated
information to maximize insemination efficiency by minimizing the number of breedings
and semen shipments needed for conception. The proposed integrated system to predict
ovulation should include objective evaluation ofendometrial edema and follicular variables
such as size, wall echotexture, wall thickness, and tonometry.
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1.2 Equine Estrous Cycle

Mares are challenging research subjects due to their physiology and endocrinology.
For example, mares do not exhibit the sudden brief surge and fall in plasma luteinizing
hormone (LH) concentrations commonly observed in other domestic species (McKinnon
and Voss, 1993). Furthermore, mares are seasonal breeders with physiologic ovulatory
cycles occurring during long days followed by a true anovulatory period during short days.
Irregularities observed in their estrous behaviour and follicular wave patterns are often
related to corresponding changes in photoperiod (Pierson and Ginther, 1987; Ginther,
1983). For example, estrous behaviour is typically longer in early Spring and late Fall
rather than during the peak of the breeding season (Ginther, 1992). Mares with foals may
show minimal behavioural signs of estrus (Ginther, 1992). Nutrition, breed, stress, and
climate have also been shown to be responsible for some of the variability observed in
equine estrous cycles (McKinnon and Voss, 1993). The differences in cycle length and
duration of estrus makes it difficult to accurately predict the time of ovulation in mares.
Palmer (1978) states that "the problem with the mare is not that the physiology is difficult
to define, but that it is difficult to predict what will happen." Considerable aberrant uterine
and follicular changes have been reported through the use of ultrasonographic
examinations of ovarian and uterine tissues in cyclic mares and include: failure to show
endometrial edema, failure to ovulate, ovarian hematomas, hemorrhagic anovulatory
follicles, and a prolonged luteal life-span associated with erratic cycle length (McCue et
a/., 2000; McKinnon and Voss, 1987).
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1.2.1 Anatomical Site of Ovulation

The female reproductive tract of the horse has unique developmental features.
During embryogenesis, the developmental process of the ovary occurs in an inverted
manner compared to other mammalian species (Youngquist, 1997; Stabenfeldt et al.,
1975). In most mammalian species, the ovarian cortex, which contains the follicles,
develops and surrounds the medulla of the ovary. Therefore, the cortex is continuous with
parenchymal tissue and allows ovulation to occur anywhere on the surface of the ovary
except the hilus (Youngquist, 1997; Stabenfeldt et al., 1975). The horse is unusual with
respect to the arrangement of the cortical and medullary layers of the ovary (Ginther,
1979). The parechymatous zone contains developing and atretic follicles, corpora lutea,
and corpora albicantia which are located on the surface at the ovulation fossa. Therefore,
the parenchyma reaches the surface only at the ovulation fossa.

This anatomical

arrangement has resulted in the entire ovarian surface becoming covered by a serosal
coating except for the ovulation fossa (Prickett, 1966). This serosal coating is analogous
to the tunica albuginea and the mesovarium (McKinnon, and Voss, 1993).

It is this

arrangement that restricts the point of ovulation in the mare to the ovulation fossa.
(Witherspoon, 1975; Witherspoon and Talbot, 1970).
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1.2.2 Morphology of Ovarian Follicles in the Mare

The follicle is the functional unit of the ovary. Once a follicle begins the growth
and differentiation processes of folliculogenesis, the follicle must either undergo atresia
or continue to grow and become the dominant follicle which will result in ovulation. The
majority offolliclesl become atretic. A series ofbiochemical changes in the follicular wall
results in ovulation. The follicular wall consists of two main cell populations - granulosa
and thecal cells (Ginther, 1992). The oocyte is enveloped within the granulosa cells and
surrounded by the thecal layer (McKinnon and Voss, 1993). As the follicle grows and
develops, the volume of fluid in the antrum increases and the follicular wall thickens
(Ginther, 1992). In order for ovulation to be successful, the follicular fluid which contains
the oocyte must pass through the follicular granulosa cell layer, theca intema, basal
lamina, theca extema, ovarian stroma, tunica albuginea, and the germinal epithelium.
When the dominant follicle receives the LH stimulus, it has reached a size that results in
the dominant follicle bulging from the surface of the ovary (McKinnon and Voss, 1993).
The LH stimulus results in the capillaries around the preovulatory follicle becoming more
fenestrated and consequently the theca intema becomes edematous because of the newly
fenestrated vasculature (McKinnon and Voss, 1993). There is a dissociation of collagen
in the theca extema and tunica albuginea resulting in weakening of the follicular wall
(McKinnon and Voss, 1993). This process occurs in preparation for the formation of the
corpus luteum (Ginther, 1992).
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1.2.3. Follicular Dynamics

Mares are like other mammals in that the estrous cycle may be conveniently
divided into the follicular phase (estrus) and the luteal phase (diestrus). Each phase is
characterized by specific behavioural, endocrine, and physiologic changes. The typical
length of an estrous cycle (estrus plus diestrus) in the mare is on average 22 days ± 3 days
(McKinnon and Voss, 1993). Estrous behaviour is typically 4.8 days in length (Hughes

eta/., 1975). However, there is considerable variation in the estrous cycle, which results
from individual mare variability and seasonal influences (Hughes eta/., 1975). Most of
this variation is associated with variability in the length of the follicular phase rather then
variability in the luteal phase. This is because the luteal phase is more consistent and is
typically 15 days for horses (McKinnon and Voss, 1993; Hughes eta/., 1975).
Pierson and Ginther (1985) reported that the follicular dynamics in the mare differ
from the cow. Mares frequently exhibited only one wave of follicular development
throughout the estrous cycle. A small percentage of mares developed two follicular waves
during an estrous cycle (Buratini eta/., 1997; Ginther, 1992; Sirois eta/., 1989). Follicular
wave development in the mare is often divided into major and minor waves with further
subclassification of the major wave into a primary and secondary category (Ginther, 1992;
Ginther, 1983 ). Major follicular waves can be subdivided into two types: a primary wave
arising during mid-diestrus in response to a surge in follicle stimulating hormone (FSH)
which often results in ovulation during estrus (Ginther, 1983); and a secondary wave
occurring in late estrus or early diestrus resulting in a diestrous ovulation or a dominant
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anovulatory follicle which may undergo atresia (Ginther, 1992). Follicles of the major
wave grow in a synchronous manner until approximately day 6 after the initiation of
follicular growth (Ginther, 1983) after which time they diverge into a dominant and
subordinate group. The follicle destined to become the dominant follicle continues to grow
and reaches a large diameter (i.e., 40 mm). Ovulation by the dominant follicle occurs
while the remaining subordinate follicles continue to undergo atresia (Ginther, 1983). The
maximum diameter of the dominant follicle has been reported to reach 36 to 53 mm
(Ginther, 1992). The mean duration of the follicular phase was 7. 7 ± 1.8 days (Ginther and
Pierson, 1989). The follicular phase of most mares is consistent with the period of
behavioural estrus. Ginther (1992) further reported that the dominant follicle of the
secondary wave tended to have a smaller diameter than primary wave dominant follicle
(37.2 ± 1.0 versus 45.8 ± 1.0 mm) at the time of ovulation.

1.2.4 Endocrinology

Follicle stimulating hormone (FSH) and LH are pituitary glycoprotein hormones
composed of two subunits termed alpha and beta. The beta subunit is the component that
is responsible for the biological activity of the hormone (McKinnon and Voss, 1993).
Growth of large follicles has been attributed to high circulating levels ofFSH. Follicle
stimulating hormone levels have been reported to increase a few days prior to the largest
follicle of the primary wave reaching a diameter of 15 mm (Bergfelt and Ginther, 1993).
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It is hypothesized that the dominant follicle of the cycle is responsible for limiting the
growth ofthe subordinate follicles through inhibin secretion (Bergfelt and Ginther, 1993).
Inhibin is produced by the granulosa layer and has a negative feedback effect on the
pituitary/hypothalamus axis to reduce FSH secretion (Bergfelt and Ginther, 1993), thereby
causing atresia in subordinate follicles.
Both FSH and LH are necessary for the development of an ovulatory follicle.
Small pre-antral follicles acquire LH receptors in the thecal cell layer and FSH receptors
in the granulosa layer (McKinnon and Voss, 1993). Progesterone is produced by the
granulosa cells, which is converted to androgen by the theca cells. Androgens are then
produced under the influence ofLH in the thecal layer. The androgens then pass across
the basal lamina into the follicle proper and are aromatized into estrogen under the
influence of FSH (McKinnon and Voss, 1993).

Luteinizing hormone acts to induce

greater estrogen synthesis under the FSH influence. This capacity to secrete large amounts
of estrogen induces the synthesis of LH receptors in the granulosa cells and results in the
transition of the small antral follicle into the preovulatory follicle (McKinnon and Voss,
1993 ). Therefore, both FSH and LH are required for a follicle to ovulate.
The presence of estrogen induces LH receptors in the granulosa cells and prepares
the follicle to be competent to respond to the preovulatory increase in gonadotrophin
secretion, which results in the final phase of follicular maturation in the preovulatory
follicle (McKinnon and Voss,1993). The dominant follicle is somehow physiologically
selected for continued development and eventual ovulation. The process by which
selection of the dominant follicle occurs is unknown but is believed to involve both FSH
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and LH (McKinnon and Voss, 1993). The dominant preovulatory follicle is the most
steriodogenically active follicle and it is the follicle which is most sensitive to
gonadotrophin stimulation. The dominant follicle continues to grow in the face ofreduced
levels of FSH via an estradiol-induced increase in the number of FSH receptors in the
granulosa cell layer of the equine follicle (McKinnon and Voss, 1993). Furthermore, the
increased responsiveness to LH is partially attributed to an increase in the number of LH
receptors in the thecal cells. The dominant follicle is the most estrogenic follicle and
inhibits the development of subordinate follicles through both a paracrine and endocrine
pathway. The dominant follicle produces an increased amount of estrogen, which has been
shown to have a positive feedback on LH release in the mare (McKinnon and Voss, 1993 ).
This results in a temporal drop in FSH levels which additionally inhibits growth of
subordinate follicles as subordinate follicles are dependent on FSH for continued growth
and development.

1.2.5 Subjective Evaluation ofEndometrial Edema Patterns and Preovulatory Follicular
Changes in the Reproductive Tract of the Mare

Ginther (1979) attributed the increase in circulating estrogens to the increase in
sexual receptiveness of the mare and suggested a direct relationship between estrogen
concentrations and the occurrence of endometrial edema. Behavioural estrus is defined as
the period of sexual receptivity. When a mare enters estrus, her behaviour and the
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ultrasonographic appearance of her reproductive tract change.

The change in the

ultrasonographic appearance of the uterus is related to the development of edema and
folding of the endometrial lining of the uterus (McKinnon and Voss, 1993 ).
Ultrasonographically, endometrial edema appears as an anechoic border along the dense
echoic inner core of the endometrial folds. The folds appear to radiate inwards in a
peninsular pattern. Endometrial edema or folding patterns have been investigated using
a subjective grading system (Hayes et al., 1985). Diestrous mares lacked detectable
endometrial folding patterns, therefore, the uterus had a homogenous echotexture. As a
mare progresses through estrus, acquired patterns of endometrial edema were assigned a
score of 0 to IV with individual variability depending on the interval to ovulation. The
patterns of endometrial folding tended to parallel the changes in the intensity of estrous
behaviour. It has been suggested that a decline in uterine endometrial score could be used
as a predictor of imminent ovulation to schedule breeding.
In general, a mare in diestrus had more palpable uterine and cervical tone than
when in estrus. Hughes eta/. (1977) reported that the uterus has only slight tone and
tubularity during estrus. The cervix relaxed and softened with the onset of estrus and this
change was associated with a color change of the cervix from white to pink during vaginal
examination (Hughes eta/., 1975). Concurrent cervical edema and increased mucous
secretion is present during estrus. Hughes eta/. (1977) found that although decreased
cervical tone is a reliable indicator of impending ovulation, there was considerable
variation among mares; however, there was consistency within individual mares. Hughes
et a/. ( 1977) concluded that although the greatest degree of change in cervical color and
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tone occurred as impending ovulation neared, these changes did not accurately predict
ovulation.
Hughes eta/. (1977) found that follicles destined to ovulate usually became the
largest or dominant follicle and underwent an overall increase in diameter during estrus.
Typically, ovulatory follicles were 35 to 55 mm in diameter just prior to impending
ovulation (Pierson and Ginther, 1985). However, occasionally follicle size ranged from
30 to more than 60 mm when examined within 24 hrs before impending ovulation.
Carnevale et a/. (1988) reported that the diameter of the peri ovulatory follicle decreased
by 13% from 30 minutes prior to ovulation until the beginning of ultrasonographically
detectable ovulation. The preovulatory follicle tended to flatten which resulted in the
production of irregular images on ultrasonography (Carnevale eta/., 1988). She reported
that these preovulatory follicles tended to have palpably reduced follicular tone,
hypothesizing that this is largely due to either a diminished tensile strength of the wall or
a slow release of fluid from the follicle (Carnevale eta/., 1988).
McKinnon and Voss (1993) suggested that practitioners can use a series of
methods, t o assess the interval to ovulation in the mare. Two proposed characteristics to
evaluate when ovulation is to occur in the mare include detection of changes in follicular
shape, and subjective softening of the follicle within 24 hrs of ovulation in approximately
70% of the mares (Parker, 1971 ). However, perceptible softening of the follicle was
recorded in only 28% of impending ovulations in another independent study (Hughes et

a/., 1977; Hughes eta/., 1975). It was suggested that some follicles became turgid again
just prior to ovulation, whereas others remained turgid throughout estrus and impending
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ovulation. The percentage change in shape and size of the follicle and thickness of the
follicle wall have been evaluated as a means to predict ovulation (Pierson and Ginther,
1985). Additionally, an increase in the echogenicity of the follicular antral fluid had been
observed prior to ovulation (McKinnon and Voss, 1993 ). Other plausible predictors which
have been evaluated include: a hyperechoic border, a corresponding change in shape, and
a loss of continuity in the follicular wall suggesting the presence of a rent in the follicle
wall near the ovulation fossa which would be destined to become the impending site of
rupture for the follicle (McKinnon and Voss, 1993; Carnevale et al., 1988).

1.2.6 Hormonal Manipulation

Prostaglandins are hormones whose basic structure is composed of a 20 carbon
fatty acid with a 5 carbon ring and an amino acid derivative. Autocrine, endocrine, and
paracrine activity are attributed to the actions of prostaglandins (McKinnon and Voss,
1993). Prostaglandins of the F series are commonly used in the mare to either synchronize
estrus or to effectively shorten the interovulatory interval (Allen and Rowson, 1973).
Prostaglandin E2 stimulates progesterone secretion by the corpus luteum (CL) while lysis
of the CL is induced by PGF 2a (Kimball and Wyngarden, 1977). Prostaglandin F2a is
believed to be naturally secreted by the endometrium in non-bred cycling mares or bred
mares that fail to conceive (McKinnon and Voss, 1987). The horse is unique in that the
luteolytic effects ofPGF 2a are exerted through a systemic pathway and not a local (utero-
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ovarian) pathway as in the cow and·ewe (Kimball and Wygarden, 1977; Ginther and First,
1971). The existence of a systemic pathway for luteolyis is based on experiments where
unilateral hysterectomy was shown to prolong the lifespan of the CL in some mares and
the proportion of mares in which luteal maintenance occurred seemed to be similar
irrespective of whether the CL was situated contralateral or ipsilateral to the remaining
hom (Ginther and First, 1971). This suggests that uterus secreted a luteolysin which
reached the ovaries through the general circulation rather than by a local pathway in the
mare. This is because unlike many other species (i.e. ewe and cow), the ovarian artery and
vein are not closely intertwined in the mare (Ginther eta/., 1972). Allen and Rowson
(1973) determined all mares returning to estrus in their study following PGF2a therapy
proceeded to ovulate normally. Generally, the CL was not susceptible to the effects of
PGF2a until 5 days post-ovulation (Hafs et a/., 1974; Allen and Rowson, 1973).
Presumably this is because progesterone levels are low until6 days after ovulation. During
these 6 days, progesterone levels rapidly increased until maximal levels are attained within
6 days of ovulation (Allen and Rowson, 1973). The administration ofPGF 2a to a mare in
diestrus resulted in a rapid decline in serum progesterone and a shortened luteal phase
(Johnson eta/., 1988; Douglas and Ginther, 1972).
Luteolysis in the mare can be induced using a lower ratio of milligrams (mg) of
PGF2a to kilograms (kg) ofbodyweight than in other species (McKinnon and Voss, 1993).
The difference in sensitivity to PGF 2 a among different species may be associated with the
high affinity of PGF2a binding sites or simply differences in metabolism and circulation
(Kimball and Wygarden, 1977). Draw-backs to the administration ofPGF2a in the mare
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for induction ofluteolysis include: systemic side effects such as profuse sweating and mild
colic, and a variable response time to estrus and ovulation which makes it difficult to
predict when ovulation is to occur (Loy eta/., 1979; Kimball and Wygarden, 1975; Noden

eta/., 1975). High numbers of mares (98.4%) ovulated in response to PGF 2a treatment
with an average interval to ovulation being 6.8 days, but a range of 1 to 7 days (Loy eta/.
1979). They attributed the variability in the interval from PGF2a administration to
ovulation to be associated with follicular growth and luteal regression. Follicular size at
the time of treatment has also been shown to influence response time and the length oftime
for the dominant follicle to reach maturity (Loy et a/., 1979). Unlike other species, no
relationship between estradiol and PGF2a secretion has been demonstrated in the mare
(King et al., 1988). Increased estradiol levels have been correlated with the development
of a follicular wave (King eta/., 1988). This results in high levels of estradiol immediately
prior to ovulation. Although the exact mechanism ofPGF 2a secretion and luteolysis in the
mare is unknown, it is postulated that oxytocin and follicular estradiol production may be
important hormones that require further study (King eta/., 1988).
Human chorionic gonadotrophin (hCG) and a gonadotrophin releasing hormone
(GnRH) analogue (deslorelin) have been used to induce ovulation in the mare. These
hormones are used to time insemination more accurately with ovulation in mares (Bott and
Bailey, 1996). Human chorionic gonadotropin is a dimeric glycoprotein that is secreted
from the syncytial cells of the human placenta and has a half-life of 8 to 12 hrs. Although
chemically different than LH, its biologic activity is primary LH-like with some FSH-like
activity. Human chorionic gonadotrophin administration in early estrus shortened the
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duration of estrus by inducing ovulation to occur within 48 hrs of treatment in those
animals which responded (Sullivan et a!., 1973; Loy et a!., 1966). Response rates were
high with reports of up to 85% of the mares ovulating by 48 hrs following treatment
(Duchamp et al., 1987). The mean interval to ovulation after hCG administration in early
estrus has been reported to be 24 to 48 hrs (Duchamp et al., 1987). The duration of estrus
in mares can be shortened to 2 to 4 days by use of this hormone (Duchamp et al., 1987).
The objective behind the use of hCG in mares is to reduce the number of
matings/inseminations per estrous cycle and to increase the likelihood of ovulation
occurring close to insemination. However, concern is expressed over the effect of
consecutive administrations ofhCG over two to five cycles. Antibody formation has been
reported to result from repeated administration of hCG, however this has not been
definitely shown to decrease its efficacy (Duchamp et al., 1987; Roser et al 1979). A
successful response to hCG administration has been shown to be associated with strong
standing estrous behaviour, the presence of well developed endometrial edema (grade II
to III), and a minimal follicular size of30 mm at the time of administration (Bollwein and
Braun, 1999).

1. 2. 7 Predicting Ovulation in the Mare

While stallion spermatozoa can survive in the reproductive tract of the mare for up
to five days after insemination (Pickett et al., 1987), it is more commonly believed that
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spermatozoa remain fertile only for 48 hrs after insemination (Pickett eta/., 1987). It has
been stated that fresh spermatozoa have greater longevity in the mare than cooled or
cryopreserved spermatozoa (Dobrinski eta/., 1995). There may be a substantial amount
of membrane damage resulting in premature capacitation during the process of cooling or
cryopreservation of spermatozoa, leading to reduced viability, and lower pregnancy rates
(Dobrinski eta/., 1995). In the past, it was a common practice to allow the stallion to
breed mares every other day throughout the duration of estrus to insure that breeding
occurred within 48 hrs of ovulation (Bott and Bailey, 1996). The problem with this
protocol was that it relied heavily on stallion fertility and libido to achieve acceptable
conception rates.
Every other day mating and/or insemination programs have been described as
inefficient in today' s world of assisted reproductive techniques.

The economical

considerations associated with the use of cooled or frozen semen discourage frequent
repeated inseminations per estrous cycle. Therefore, it is important to time a single
breeding insemination with processed semen as close to ovulation as possible in order to
maximize pregnancy rates and prevent the overuse of an individual stallion (Carnevale et

al., 1988). Further, in order to minimize the number of breedings necessary per estrous
cycle, palpation of the ovaries per rectum has been used to predict the time of ovulation
(Carnevale et al., 1988). This is problematic because it is often difficult to differentiate
among the preovulatory follicle, a large nonovulatory follicle, a recent ovulation, or a
corpus hemorrhagicum, based solely on palpation (Carnevale et al., 1988). Transrectal
ultrasonography has been used routinely to assess follicular activity and to detect
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ovulation.

Both the uterus and the dominant follicle undergo ultrasonographically

detectable changes prior to ovulation (Ginther and Pierson, 1984a; Ginther and Pierson,
1984b).
It is with the advent and increased use of ultrasonography that we are now able to
improve our understanding of the preovulatory changes in the reproductive tract of the
mare. Ultrasonography has been shown to be beneficial in identifying the dynamic
changes the preovulatory follicle in cows undergoes prior to ovulation (Singh eta/., 1998).
However, in mares, the ability to detect follicular changes have been limited by the ability
of the human eye to detect subtle differences and the quality of the ultrasound image. With
the use of advanced quantitative imaging capabilities, we may be able to improve our
understanding of the periovulatory changes in the uterus and follicle throughout the equine
estrous period.
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1.3 Ultrasonography as an Investigative Tool

Equine reproductive assessment is limited by the ability to perform an accurate
rectal palpation. The use of ultrasound technology has a profound impact on the clinical
approach to reproductive management in the mare.

The advantage of using

ultrasonography in the mare is it provides the practitioner with the ability to differentiate
ovarian structures and provides an improved estimation of uterine changes compared to
rectal palpation (Palmer and Draincourt, 1980). Rectal palpation allows for subjective
evaluation of size and tone of both uterine and follicular structures. Ultrasonography
allows for the evaluation of other factors such as follicular size, follicular shape, follicular
wall changes, intrafollicular pressure, and endometrial edema which can be used as
ancillary aids to predict the time of ovulation in the mare. Regardless of the procedures
used to help predict ovulation (i.e., rectal palpation and/or ultrasonography), multiple serial
examinations are usually required to appreciate changes in uterine and follicular
characteristics (Singh et a/., 1998).
Ultrasonography is based on the principle that tissues of various densities have the
ability to either reflect, transmit, or propagate high frequency sound waves (Ginther and
Pierson, 1994). The application of an electrical current to the transducer, which is
composed of a number of piezoelectrical elements, results in the production of acoustic
vibrations (Ginther, 1995). The transducer attenuates the reflected beams and converts
them to electric impulses (Ginther and Pierson, 1994) that are displayed on the screen. The
resultant grey-scale image is composed of thousands of individual pixels (Ginther, 1995).
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Tissues of varying densities are reflected as varying shades of grey depending on their
ability to reflect sound waves (Ginther, 1995). Liquid objects result in no or minimal
echoes being reflected (Ginther and Pierson, 1994), fluid-filled structures, such as follicles
in the ovary or other low density tissues, such as the blastocyst, are anechoic and appear
as black or dark grey pixels on the ultrasonographic image (Ginther and Pierson, 1994).
Extremely echodense structures, such as bone, are highly echoic and are reflected as white
or light grey pixels on the screen (Ginther and Pierson, 1994). The various tissue
interfaces determine the proportion of the sound beam that will be reflected (Ginther,
1995). Differences in acoustic impedance (impedance= density x velocity), result in the
reflection of sound waves (Ginther 1995). Therefore, sound waves will only be reflected
when the follicular fluid interfaces with the more dense follicular wall and ovarian
parenchymal tissue (Ginther and Pierson, 1994).
Ultrasonographic visualization of an image on the ultrasound screen is equivalent
to viewing a section of the tissue. The resolving power of equipment is highly dependant
on the frequency of the sound waves emitted (Ginther, 1985). High frequency sound
waves provide greater detail while low frequency waves provide more depth (Ginther and
Pierson, 1994). The frequency of a transducer is reported in megahertz (MHz); 1 MHz =
1, 000, 000 sound waves per second (Ginther and Pierson, 1994). For transrectal mare
reproductive work, a 5.0 MHz rectal probe is most often used. When high frequency
probes are used, a smaller area was viewed but with enhanced detail (Ginther and Pierson,
1994).
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Real-time imaging refers· to a live or moving display in which the echoes are
moving with concurrent movement of the probe (Ginther, 1995). This results in a
continuous recording of echoes. Two modalities are frequently used when dealing with
real-time ultrasonography: B-mode (brightness) and M-mode (movement).

The B

modality is frequently the only modality used during routine equine reproductive work.
B-mode refers to the brightness modality which is reflective of the strength of the returning
echos (Ginther and Pierson, 1994).
The use of a microconvex sector probe has also been recently promoted for
reproductive work. A sector scanner releases sound waves from a small area with the
resulting waves being produced at various angles (Ginther, 1995). This results in a section
of tissue in the shape of a fan being examined. This differs from a linear array transducer,
which as the name suggests, emits sound waves whose width corresponds to the length of
the transducer crystal interface (Ginther and Pierson, 1984a). The waves are emitted in a
perpendicular fashion to the transducer along the length of the crystal face. However, the
waves move in a parallel fashion, that is, each wave moves parallel to the wave from the
adjacent crystal. This results in a rectangular image that corresponds to the length of the
active or crystal phase of the transducer head. This results in tissues closest to the
transducer being at the top of the screen (near-field) and those which are the farthest way
from the end of the transducer appear at the bottom of the screen (Ginther and Pierson,
1984a).
Analysis of ultrasonic images are often reported as differences in echotexture.
Differences in echotexture are largely reflective of differences in the tissue densities of the
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corresponding area of interest (Ginther, 1995). Some tissues impede the normal direction
of the sound waves (Ginther and Pierson, 1984). Interference with the normal path of
travel results in the sound waves undergoing bending (refraction), reverberation, and/or
attenuation and may result in the production of a distorted image. In some instances, these
artifactual changes are inappropriately recognized as pathological changes. In reproductive
ultrasonography, fluid-filled structures (i.e., follicles, uterine cysts, and embryonic
vesicles) have the most frequently noted artifacts, because attenuation of acoustic waves
through fluid is impaired. This is often noted on ultrasonography as a bright echoic area
beneath the fluid-filled structure. Furthermore, due to the curvature ofthe ovary, refractive
artifacts are also frequently observed. A last artifactual change often visualized in equine
ultrasonography is reverberation. This is the result of sound waves being reflected by a
gas-filled structure, most frequently part of the large colon which lies beneath the area of
interest in the horse. Sound waves which are echoed repeatedly within a gas-filled
structure are not immediately reflected, there is an associated lag time between images
resulting in an equi-distant bright echo being recorded on the image at deeper levels
(Ginther, 1995; Ginther and Pierson, 1984).

1.4 Computer-Assisted Image Analysis as an Investigative Tool

Diagnostic ultrasonography enables a practitioner to assess uterine and follicular
changes.

However, with the advent of computer-assisted image analysis, routine
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diagnostic ultrasonography may become obsolete because interpretation is limited by one's
ability to detect differences in the grey scale. With the aid of a computer, ultrasonographic
images can be quantified with enhanced precision of detail, through the evaluation of
grey-scale pixel differences (Pierson and Adams, 1995). The use of computer-assisted
image analysis may prove to be the next step in the application of diagnostic ultrasound.

Each ultrasound image is composed of an array of pixels of varying shades of grey.
The pixel can vary in color from black to white and include some 256 shades of grey
collectively referred to as the grey scale. Routine veterinary ultrasonography produces
images with 64 shades of grey, while a higher quality ultrasonogram or with the use of a
computer assisted image analysis system as an ancillary tool, each pixel in the image can
reflect one of a possible 256 shades of grey (Pierson and Adams, 1995). Computerassisted image analysis is advantageous as it allows subjective data to be quantified as each
individual perceives grey-scale values differently (Hanna, 1999).
Routine diagnostic ultrasonographic images are converted to the computer in a
digitized format (Gauthier et al., 1992). Digitization can involve the use of a high
resolution acquisition board and a narrow band width amplifier (Pierson and Adams,
1995). Acquisition boards can be used to increase the brightness and contrast resolution
of the images. These changes are frequently associated with alterations to detail, edge
enhancement, and texture (Pierson and Adams, 1995), a process that is often collectively
referred to as image acquisition. Each digitized image can then be evaluated to allow
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quantification of pixel values (grey-scale) and/or the distribution of pixel values
(heterogeneity).
Spot measuring is one of the easiest methods to quantitate pixel values in a
particular area of interest. Spot measuring uses a circle with a predetermined diameter to
measure echotexture in a user-selected area of interest. A computer is used to precisely
determine the numerical value that corresponds to the grey-scale of each pixel within the
spot (Pierson and Adams, 1995). The output is expressed in terms of a mean numeric
value, plus or minus a corresponding standard deviation (Pierson and Adams, 1995). An
average can then be calculated by obtaining a multiple number ofrandomly predetermined
spot measurements. This allows mean pixel values of images to be compared at various
points in time. For example, in the mare, one could compare mean numeric pixel values
(NPV) of the endometrium for different time points in the estrous cycle. This comparison
would enable investigation of the changes in the pattern of endometrial edema throughout
estrus.
A user-selected section of the follicle can be evaluated using a computer-assisted
image analysis program. A line can be drawn through a user-selected section of the ovary,
thereby allowing pixel values to be quantified along the line. This process is referred to
as a line analysis (Pierson and Adams, 1995). Line analysis results in a graph which can
be used to determine the amplitude of the echoes along the line drawn through the point
of interest (Pierson and Adams, 1995). A visual assessment of the presence of an anechoic
line and cumulus oophorus have been reported in the horse (Carnevale et al., 1998; Gastal
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eta/., 1998a,b). If enhanced detail is necessary, a color option may be added which
enables the physiologic status of an individual follicle to be evaluated.

1.5 Objectives

The ability to predict the time of impending ovulation in the mare still eludes
veterinary practitioners. Therefore, studies were designed to objectively characterize
changes in the endometrium and dominant follicle during the period ofbehavioural estrus
in the mare using computer-assisted image analysis and transrectal tonometry.

The

purpose of this study was to design new and improved methods to assess the interval to
ovulation in the mare in an attempt to replace the present subjective method of evaluation
of ultrasonographic examinations. Transrectal tonometry was evaluated as a tool to
determine changes in follicular pressure during estrus. Four groups with varying amounts
of hormonal manipulation were evaluated.
A quantitative approach was designed to test the hypothesis that the equine
endometrium undergoes a series of predictable changes prior to ovulation. The objectives
of the endometrial study were to:
1) characterize changes in the endometrial echotexture using computer-assisted
image analysis;
2) determine the most appropriate location, within the uterus, to evaluate changes
in the echotexture of the endometrium;
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3) determine if the presence of the preovulatory follicle has an effect on
endometrial echotexture in the ipsilateral uterine hom; and
4) compare computer-assisted image analysis of endometrial echo texture with a
subjective method of endometrial edema evaluation.

The objectives of the follicular profile study were to evaluate:
1) the antral diameter of the dominant follicle throughout estrus,
2) the mean echogenicity ofthe follicular wall as detected by ultrasonography using
the computer assisted image analysis throughout estrus,
3) the thickness of the follicular wall (combined thickness of the granulosa and
thecal layers) throughout estrus, and
4) mean intrafollicular pressure of the dominant follicle as quantified through
transrectal tonometric measurements throughout estrus.

In addition the effect of hormonal treatment with prostaglandin, hCG, or the
combination of these 2 hormones on the aforementioned uterine and follicular parameters
was determined.
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2. COMPUTER-ASSISTED ECHOTEXTURAL ANALYSIS OF ENDOMETRIAL
EDEMA THROUGHOUT ESTRUS IN THE MARE

2.1 Abstract

A computer-assisted image analysis system was used to evaluate endometrial
echotexture using transrectal ultrasonographic images ofthe uterine body, and the midpoint
and tip of the right and left uterine horns in 10 young, maiden mares. Four successive
estrous periods with different amounts of hormonal manipulation were studied (group 1:
natural estrus; group 2: PGF2a-induced estrus; group 3: PGF2a-induced estrus with hCG
administrated when the dominant follicle was 35 mm in diameter or greater; and group 4:
PGF2a-induced estrus with hCG administrated based on a subjective grade II endometrial
edema pattern). Echotexture ofthe endometrium was represented by a computer generated
number called a numeric pixel value (NPV), which reflected the mean brightness of the
pixel elements falling within the measurement spot; a mean of four spot measurements was
determined. The objectives of the study were to 1) objectively characterize changes in the
endometrial echotexture utilizing computer-assisted image analysis; 2) determine the most
appropriate location within the uterus to evaluate changes in the echotexture of the
endometrium; 3) determine if the presence of the preovulatory follicle has an effect on
endometrial echotexture in the ipsilateral uterine hom; and 4) compare computer-assisted
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image analysis of endometrial echotexture with a subjective method of endometrial edema
evaluation.

Mares were examined using transrectal ultrasonography every 12 hrs

throughout estrus until ovulation (ovulation = 0 hrs) was confirmed and on day 6 postovulation. Echotextural data, for the 10 mares in each group, represented by a subjective
scoring system from 0 to IV and mean NPV, were analysed by time prior to ovulation
using a general linear model, repeated measures ANOVA. Post-hoc comparisons between
consecutive time points were made using the Bonferroni method in SPSS. Mean NPV of
the endometrium in only the uterine body in the 10 mares, when investigated by day from
ovulation, showed a significant change (p < 0.001) over time in groups 1, 3, and 4. The
time frames where mean NPV of the endometrium decreased or increased in relation to
ovulation were influenced by hormonal treatment. It was concluded that estrus-induction
with PGF2a, combined with hCG, was associated with a shortened duration of estrus and
accelerated changes in endometrial mean NPV compared to the natural estrus.

2.2 Introduction

Mares are unusual compared to most livestock in that they have a prolonged period
of sexual receptivity making it difficult to predict ovulation, and to ensure that
insemination and/or breeding occurs within 24 to 48 hrs before ovulation (McKinnon and
Voss, 1993). Since ovulation cannot always be predicted accurately by behaviour, multiple
breedings or inseminations are often used to maximize conception rates in mares. The use
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of multiple breedings per cycle was commonly used to achieve pregnancies when natural
breeding or artificial insemination with fresh semen was used on the farm where the
stallion resided (McKinnon and Voss, 1993 ). The number of mares bred and the distance
between stallions and mares has increased with the advent of technology to extend the
viability of processed spermatozoa (i.e., cooled, transported semen and cryopreserved
semen). However, differences in calcium metabolism has partially contributed to the
reduced longevity of cryopreserved and cooled, transported semen (Dobrinski eta/., 1995).
Further, the cost and availability of processed semen have become important factors
limiting the use of more than one breeding per cycle.
Transrectal ultrasonography is now used routinely to assess the reproductive tract
of the mare (McKinnon and Voss, 1993). The non-invasive nature of ultrasonography
allows frequent serial examinations to evaluate morphological changes within the
endometrial layer of the uterus. The ultrasonographic appearance of the uterus changes
dramatically throughout estrus (Hayes eta/., 1985). The presence ofultrasonographically
detectable endometrial folding or edema begins at the onset of estrus (Hayes et a/., 1985).
Ultrasonographic images of the endometrium during estrus resemble cross-sectional slices
of an orange or spokes radiating from a wheel (Hayes et a/., 1985). An interdigitating
pattern of alternating hypoechoic and echoic areas is visualized via ultrasonography. The
areas of decreased grey scale values or hypoechoic areas (deeper shades of grey)
correspond to the periphery of the edematous portion of the folds (Hayes eta/., 1985). The
more echoic (lighter shades of grey) areas correspond to the core of the endometrial folds.
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Endometrial folding has been reported to result from a number of endometrial layers being
imaged simultaneously.
Ginther and Pierson (1984a) reported that ultrasonographically detectable changes
in the endometrium were present starting seven days before ovulation. Endometrial
echotextural patterns, as assessed by a subjective grading system, increased until three days
prior to ovulation and then decreased between two days prior to ovulation and the day of
ovulation (Griffin and Ginther, 1991; Hayes eta/., 1985; Ginther and Pierson, 1984a).
Echotextural changes of the endometrium were largely associated with changes in ovarian
steroid hormone levels (Ginther, 1979). Endometrial folding patterns during estrus
generally parallel increased estrogen production (Plata-Madrid et a/., 1994). Uterine
echotexture in diestrus was considered to be homogenous (Plata-Madrid eta/., 1994;
Ginther and Pierson, 1984a).
Recently, computer-assisted image analysis is being used in conjunction with
routine diagnostic ultrasonography to assess changes in ovarian and uterine tissue.
Computer-assisted image analysis is advantageous as it permits the assessment of changes
in ovarian and uterine echotexture via digital evaluation of the pixels in the image (Tom

eta/., 1998; Pierson and Adams, 1995; Townson and Ginther, 1989). Another advantage
of computer-assisted image analysis is the high degree of precision that can be obtained,
if properly implemented (Pierson and Adams, 1995).
Equine and bovine ovarian follicles and bovine corpora lutea have been evaluated
using computer-assisted image analysis (Singh eta/., 1998, 1997; Tom eta/., 1998, 1994;
Townson and Ginther, 1989). However, the use of image analysis as a means of providing
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an objective method of assessing equine uterine echotextural changes has not been
investigated. Studies of the changes in the echotexture of ovarian follicles in cattle
provided the rationale for the hypothesis that quantitative changes in the echotexture of the
equine follicle or uterus were indicative of physiological changes and in tum allow for the
assessment of the interval to impending ovulation (Singh et a/., 1998, 1997). Literature
is lacking in the evaluation of subjective scoring of endometrial edema during hormonally
manipulated cycles.
The objectives of the study were to:
1) objectively characterize changes in endometrial echotexture using computerassisted image analysis;
2) determine the most appropriate location within the uterus to evaluate changes
in the echotexture of the endometrium;
3) determine if the preovulatory follicle has an effect on endometrial echotexture
in the ipsilateral uterine hom;
4) compare computer-assisted image analysis of endometrial echotexture with a
subjective method of evaluating endometrial edema; and
5) determine the effect of hormonal manipulation with PGF za and hCG on these
parameters.
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2.3 Materials and Methods

The reproductive tracts of 10 maiden, light horse mares (3 Quarter Horses, 3
Thoroughbreds, 2 Standardbreds, and 2 Appaloosas), aged 2 to 6 years of age, and
weighing between 400 to 500 kilograms were evaluated using diagnostic ultrasonography.
All mares had a uterine cytology which was negative for inflammation (McKinnon and
Voss, 1993) and a uterine biopsy grade of I or II A (Kenney and Doig, 1986).
Ultrasonographic evaluations were initiated at the onset ofbehavioural estrus. Estrus
was defined as the period of sexual receptivity of the mare to a teaser stallion (teasing was
performed at 24 hr intervals) and the presence of a follicle greater than 30 mm as detected
by ultrasonography. Mares were examined every 12 hrs throughout estrus until ovulation
was confirmed by the presence of a corpus luteum on ultrasonographic examination. A
diestrous ultrasonographic examination was performed on day 6 post-ovulation (day 0 =
ovulation). A subjective scoring system, from 0 to IV, was used to indicate the degree of
overall endometrial edema at each examination (Samper, 1997). No endometrial edema
was assigned a grade 0, grade I was mild edema, grade II was moderate edema with an
obvious "spoked wheel" appearance, grade III was intense edema with moderate
hypoechoic spaces visible, and grade IV was intense edema with large hypoechoic areas
visible in the endometrium.
Mares were examined during the estrous periods of four successive estrous periods.
The four successive estrous periods were designed to examine the effects of a different
amount of hormonal manipulation.
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The four experimental periods were defined as follows:

Group 1:

a natural estrous period with no hormonal manipulation;

Group 2:

a PGF 2a-induced estrous period (5 milligrams (mg) dinoprost
tromethamine,

subcutaneously; Lutalyse, Pharmacia & Upjohn,

Mississauga, Ontario). Prostaglandin F za was administered on day 6
post-ovulation irrespective of follicular size;

Group 3:

a PGF2a-induced estrous period. Prostaglandin F za was administered
on day 6 post-ovulation followed by 2000 international units (IU) of
hCG, intravenously, (APL, Ayerst, Guelph, ON) when the dominant
follicle was

Group4:

~ 35

mm in diameter; and

a PGF2a-induced estrous period. Prostaglandin F2a was administered
on day 6 post-ovulation followed by 2000 IU ofhCG, intravenously,
when grade II endometrial edema was attained.

Group 1 served as an unmanipulated control group and group 2 served as a PGFza
control cycle for the last two groups. Criteria for the administration of the ovulatory
induction agent in groups 3 and 4 were based on the desire to induce ovulation prior to
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when spontaneous ovulation would be anticipated to ensure that the observations were as
a results ofhCG administration and not spontaneous ovulation.
Over the course of the study, 40 estrous periods were evaluated consisting of four
observational periods with the same ten mares in each experiment. The duration of the
study was from the beginning of June to the end of August. Spring and Fall transitional
periods in the Northern hemisphere were avoided and treatments were not randomized in
their sequence in an attempt to minimize possible carry-over effects ofPGF2a and hCG
administration among individual mares between each group. The design in the present
study was chosen because a longer observational study period would be needed to
eliminate the possibility of a carry-over effect among the hormonal treatments and may
have resulted in the introduction of a confounding seasonal effect.
Ultrasonographic examinations were performed using an Ausonics Impact ultrasound
scanner (Universal Medical Inc., NewYork, NY) and a 6.0 MHz micro-convex transducer.
The ultrasound machine produced an image using a 512 x 512 eight-bit scan with 1 of256
possible shades of grey. Settings on the ultrasound machine which could influence the
image attributes (i.e., power, overall time-gain compensation, near-field, and far-field gain)
were standardized to predetermined values throughout the observational period. In an
attempt to reduce the degree of signal attenuation, the distance between the transducer and
uterus was minimized.
Transrectal ultrasonography of the entire reproductive tract in each mare was
performed every 12 hrs throughout estrus. Real-time and still-frame, sagittal crosssectional ultrasound images of the uterine body, midpoint and tip of l(~ft and right uterine
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horns were recorded onto S-VHS tape with a Sears 4-head VHS recorder (Sears Canada,
Toronto, ON). Midpoint and tip cross-sectional ultrasound images were retrospectively
categorized as ipsilateral or contralateral to the location of the preovulatory dominant
follicle for each individual mare in each group for statistical analysis. Still-frame images
were subsequently captured using a digital image acquisition system (PCVISION+,
Imaging Technology Inc., Woburn, MA) with a resolution of 640 x 480 pixels and 256
shades of grey. Images obtained from the ultrasonographic machine were scaled by the
computer to a pixel resolution of 640 x 480 pixels and a grey scale resolution of256 shades
during the image acquisition process.
Captured images were analysed using a SunSparc Station 1OSX (Sun Microsystems,
MT View, CA) and a computerized program designed specifically for the analysis of
ultrasound images (SYNERGYNE 1©, R.A. Pierson, Saskatoon, SK). The echotexture of
the endometrial layer of the uterus was evaluated using a spot metering measurement
system. Artifacts such as areas of enhanced transmission and hyperechoic endometrial
folds were avoided during spot placement.
Each cross-sectional image of the uterus was divided into four quadrants. A spot
measurement (25 mm2 ), encompassing approximately 20% of the total area of the
endometrium in each respective quadrant, was evaluated. Spots were placed in regions of
the endometrium in each of the four quadrants. Placement of spots on the myometrial layer
was avoided (Figure 2.1 ). The computer-generated output was expressed as two numeric
values, mean and standard deviation of NPV. Mean NPV (brightness of the pixel
elements) were described by using a range of values from 0 (black) to 255 (white). The
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resulting mean NPV was the mean of the grey scale values of all the pixels falling within
the measuring spot, and the standard deviation was used as an indicator of image
heterogeneity or the variability of the pixels within each individual spot measurement
(Singh eta/., 1998). An overall mean NPV and standard deviation for each cross-sectional
image analysed at each time interval was calculated using the average of the 4 individual
mean NPV and standard deviations obtained for each spot measurement. Hereafter, mean
NPV and mean standard deviation refers to the average of the 4 spot measurements± SEM.
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A: Diestrus

B: Estrus

Figure 2.1 An example ofthe placement of spots in a cross-sectional image ofthe diestrous
(A) and estrous (B) equine endometrium.
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A statistical significance level of p < 0.05 was selected for all analyses. All data
points were analysed using day of ovulation as a reference point (day of ovulation= 0 hrs).
For each group, a general linear, repeated measures ANOVA was performed using mean
NPV as the dependent variable and time prior to ovulation as the independent variable.
Post-hoc comparisons were made using the Bonferroni method in SPSS. A separate
general linear model for repeated measures was performed for both the image
heterogeneity values and subjective endometrial edema scores, by time prior to ovulation.
Descriptive data points of interest, i.e., maximum, minimum and time when mean NPV
were similar to diestrous values (mean NPV not statistically different from mean NPV
obtained 144 hrs after ovulation) were recorded {Table 2.2).

2.4 Results

A proportion of mares ovulated with minimal or no change in mean NPV suggesting
that ovulation occurred without the development of endometrial edema (Table 2.1 ). Mares
which do not ovulate within 48 hrs of hCG treatment are classified as non-responders
(Duchamp eta/., 1987) and were examined every 12 hrs until an ovulation was confirmed.
Data from mares that did not ovulate within 48 hrs ofhCG treatment, 2110 (20%) in group
3 and 3/10 (30%) in group 4, were included in the analysis. Therefore, all 10 mares in
groups 3 and 4 were included in the analysis as there were no statistical differences in the
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outcomes evaluated for those that ovulated within 48 hrs ofhCG administration and those
that did not, when the data were evaluated by time prior to ovulation.

Table 2.1 The number of mares which ovulated with minimal or no change in mean
numeric pixel values (NPV) of the estrous endometrium in the uterine body during the four
estrous periods.

Group 1

Number of mares (%)

Group 1

1/10 (10 %)

Group 2

7/10 (70 %)

Group 3

2/10 (20 %)

Group 4

2110 (20 %)

1

Group 1: natural estrus; group 2: PGF 2a-induced estrus; group 3: PGF2a-induced estrus

with hCG administered when a 35 mm follicle was detected; and group 4: PGF2a-induced
estrus with hCG administered based on the attainment of grade II endometrial edema.
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There was no effect of time prior to ovulation on either image variability (standard
deviation of mean NPV; group 1: p = 0.19; group 2: p = 0.29; group 3: p = 0.25; and group
4: p = 0.15) or subjective endometrial grades (group 1: p = 0.11; group 2: p = 0.09; group
3: p = 0.14; and group 4: p = 0.18). The uterine body was the only location within the
uterus which exhibited a change in mean NPV over time. Mean NPV of the uterine body
changed (p < 0.001) over time prior to ovulation in groups 1, 3, and 4. Mean NPV of the
uterine hom midpoints (group 1: p = 0.07; group 2: p = 0.15; group 3: p = 0.11; and group
4: p = 0.09) or tips (group 1: p = 0.18; group 2: p = 0.22; group 3: p = 0.19; and group 4:
p = 0.23) did not change over time prior to ovulation in any group. Mares in groups 1 and
2 had a 6.0 ± 0.5 day estrus period, while mares in groups 3 and 4 had a 2.0 ± 0.5 day
estrus period. The pattern of change for mean NPV of the endometrium relative to the time
prior to ovulation was influenced in groups 3 and 4 by hormonal treatment with hCG
(Figure 2.3). Hormonal manipulation with hCG resulted in an accelerated rise in mean
NPV which was followed by an accelerated rate of decline in mean NPV resulting in an
abbreviated endometrial edema curve.
Figure 2.2 shows an example of changes in endometrial echotexture in one mare
during a PGF 2a-induced estrus. The relationship between changes in mean NPV and mean
subjective endometrial edema score in the 10 estrous mares for each group are shown in
Figure 2.3. Regardless of treatment, the curve representing mean NPV was the inverse
of the subjective endometrial edema curve for all groups (Figure 2.3). Therefore, as mean
NPV decreased for each respective group, endometrial edema score increased and vice
versa.
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Figure 2.2 Serial (every 12 hrs) ultrasonographic images of the endometrium of the uterine
body in a single mare during estrus (A-K) and diestrus (L: 144 hrs post-ovulation). During
early estrus, (A: 120 hrs; B: 108 hrs; C: 96 hrs before ovulation (ov)), at the time of ov (K)
and diestrus, 144 hrs post-ov (L). In L the endometrial echotexture ofthe uterine body was
ultrasonographically homogenous and devoid of overt folding. During mid-estrus (D: 84
hrs; E: 72 hrs; F: 60 hrs; G: 48 hrs; H: 36 hrs; I: 24 hrs; and J: 12 hrs before ov),
endometrial edema became more prominent (D: 84 hrs: E: 72 hrs; and F: 60 hrs before ov).
Maximal edema is represented by G (48 hrs prior to ov). This series illustrates a
progressive increase followed by a decrease in the prominence of endometrial edema
during a prostaglandin-induced estrus.

A

B

c

D

E

F

G

H

I

J

K

L
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Figure 2.3 Mean(± SEM) subjective endometrial edema scores and mean(± SEM)
numeric pixel values (NPV) of the endometrium of the uterine body of 10 mares during
four estrous periods (ovulation= 0 hrs ). The dotted line represents the mean endometrial
edema score determined ultrasonographically and the solid line represents the mean NPV
of the endometrial echotexture as determined by computer-assisted image analysis.
Graphs A, B, C, and D, respectively, represent group 1 (natural estrus), group 2
(prostaglandin-induced estrus), group 3 (prostaglandin-induced estrus with hCG
administered when a 35 mm follicle was detected), and group 4 (prostaglandin-induced
estrus with hCG administered based on the attainment of grade II endometrial edema).
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Table 2.2 A descriptive summary of when minimum and maximum mean numeric pixel
values (NPV) were attained. Listed also are the mean NPV at the time of ovulation, and
the time when mean NPV during estrus were similar (no statistical difference using posthoc comparisons) to mean diestrous NPV for the 4 groups 1•

Group

Minimum

Maximum

Time NPV

Time NPV

Ovulation

Diestrous

Time

NPV

Time

NPV

-36 hrs

43.8

1

-96 hrs

28.9

-24 hrs

48.3

Ohrs

45.4

2

-84 hrs

44.1

-120 hrs

47.9

Ohrs

45.7

-144 hrs 44.4

3

-24 hrs

38.3

-12 hrs

43.8

Ohrs

42.8

-12 hrs

43.8

4

-24 hrs

32.4

-12 hrs

48.8

Ohrs

43.1

-12 hrs

48.8

1

Group 1: natural estrus; group 2: PGF2a-induced estrus; group 3: PGF2a-induced estrus
with hCG administered when a 35 mm follicle was detected; and group 4: PGF2a-induced
estrus with hCG administered based on the attainment of grade II endometrial edema.
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Figure 2.4 Frequency distribution of the nadir of mean numeric pixel values (NPV) in 10
mares during 4 estrous periods 1•

Group 1: natural estrus; group 2: PGF2a-induced estrus; group 3: PGF2a-induced estrus
with hCG administered when a 35 mm follicle was detected; and group 4: PGF2a-induced
estrus with hCG administered based on the attainment of grade II endometrial edema.
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2. 4.1 Group 1

The mean duration of the behavioural estrus was 6.0 ± 0.5 days. Mean NPV of the
endometrium in the uterine body during spontaneous estrus changed (p < 0. 001) over time
from ovulation (Figure 2.3). Mean NPV of the endometrium decreased (p < 0.001)
gradually from 144 hrs (48.1 ± 4.1) to 96 hrs (28.9 ± 4.8) before ovulation and then
increased (p < 0.001) until24 hrs (48.3 ± 3.0) before ovulation (Table 2.2). Mean NPV
of the endometrium were lowest (28.9 ± 4.8) 96 hrs before ovulation and maximal (48.3
± 3.0) 24 hrs before ovulation. No differences (p > 0.05) were detected among mean NPV
of the endometrium obtained at 36, 24, 12, 0 hrs before ovulation and at diestrous, 144
hrs after ovulation (44.2 ± 9.8). Therefore, mean NPV similar to mean diestrous NPV
were obtained beginning at 36 hrs (43.8 ± 2.0) before ovulation suggesting that
endometrial edema had resolved at 36, 24, and 12 hrs before ovulation (Table 2.2).

2.4.2 Group 2

The mean duration of the behavioural estrus was 6.0 ± 0.5 days. Mean NPV of the
endometrium in the uterine body in group 2 were not different (p = 0.7) in the hrs prior
to ovulation (Figure 2.3).
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2.4.3 Group3

The mean duration of behavioural estrus was 2.0 ± 0.5 days. Mean NPV of the
endometrium in the uterine body in group 3 were different (p < 0.001) in the hrs prior to
ovulation. Mean NPV of the endometrium decreased (p < 0.001) from 48 hrs (40.4 ±
2.0) to 12 hrs (43.8 ± 4.8), and then increased (p < 0.001) until ovulation (42.8 ± 4.9).
Mean NPV of the endometrium were lowest (38.3 ± 3.3) 24 hrs before ovulation and
maximal (43.8 ± 4.8) 12 hrs before ovulation (Table 2.2). Diestrous mean NPV of the
endometrium, 144 hrs after ovulation, (44.4 ± 4.2) were higher than mean NPV (39 .6 ±
3.6) at 36 hrs (p= 0.03) and 24 hrs (p = 0.01) but not at 12 hrs (p = 0.08) before ovulation
(43.8 ± 4.8). Echotexture of the uterine body reached mean NPV which tended to be
similar to mean diestrous NPV (p = 0.08) by 12 hrs before ovulation (Table 2.2).

2.4.4 Group 4

The mean duration of the behavioural estrus was 2.0 ± 0.5 days. Mean NPV of the
endometrium in the uterine body in group 4 changed (p < 0. 001) over time from ovulation
(Figure 2.3). Mean NPV of the endometrium decreased (p < 0.001) from36 hrs (37.1 ±
2.1) to 24 hrs (32.4 ± 2.4) before ovulation and then increased (p < 0.001) until12 hrs
before ovulation (48.8 ± 6.4). Mean NPV of the endometrium were lowest (32.4 ± 2.4)
24 hrs before ovulation and maximal (48.8 ± 6.4) 12 hrs before ovulation (Table 2.2).
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Diestrous mean NPV of the endometrium, 144 hrs·after ovulation, (51.1 ± 5.0) were
higher than mean NPV at 36 hrs (p < 0.001) and 24 hrs (p< 0.001) before ovulation but
not at 12 hrs before ovulation (48.8 ± 3.0). Therefore, echotexture of the uterine body
reached mean NPV similar to mean diestrous NPV (p = 0.07) by 12 hrs before ovulation
(Table 2.2).

2.5 Discussion

Transrectal ultrasonography combined with image analysis as a means to quantify
changes in endometrial echotexture was investigated. Previously, subjective grading
systems based on ultrasonographic images were used to evaluate the degree of
endometrial folding (Samper, 1997; Hayes et al., 1985). As follicular size was shown to
vary widely during estrus, veterinary practitioners have relied on endometrial edema
patterns to aid in the prediction of the time of ovulation (Samper, 1997).
In our study, the subjective edema scores did not differ over time from ovulation
in any of the 4 estrous periods, but mean echotextural values (mean NPV) of the
endometrium in the uterine body for the 10 mares when analysed by time prior to
ovulation were different in groups 1, 3, and 4 but not in group 2. Mean NPV values
decreased from early estrus to mid-estrus at which time a nadir was reached and then
mean NPV increased and returned to values similar to early estrous values. Mean NPV
at ovulation were similar to or greater than mean NPV at the beginning of the
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observational period. The failure to detect a difference in mean subjective edema scores
over time prior to ovulation was due to mare variability, and the method used where an
overall uterine subjective endometrial edema grade of 0 to IV was given, rather than
gathering data from within each of the uterine locations, as was performed in the present
study using echotextural data. Secondly, the subjective nature of endometrial edema
scores and the difference in range between subjective endometrial edema grades (0 to IV)
and digital data (0 to 255) may have been contributing factors in the inability to detect a
change in mean subjective endometrial edema scores over time prior to ovulation. A
direct relationship between a one grade change in subjective endometrial edema scores
and a specific range of mean NPV did not occur (Figure 2.3). This observation supported
that subjective endometrial edema scores are highly subject to bias and individual
variation. The body of the uterus was the only uterine location evaluated where mean
NPV differed over time (hrs) prior to ovulation, suggesting this was the most consistent
region in which to evaluate endometrial echotexture.
An inverse relationship between the overall mean NPV and subjective endometrial
edema grades for the mares in each group occurred; as subjective endometrial edema
grades increased, mean NPV decreased. In other words, when edema score and mean
NPV were plotted back from the time of ovulation (0 hrs), a peak in endometrial edema
as assessed by a subjective grading system corresponded with a trough in mean NPV in
all four groups (Figure 2.3).
The effect of the location of the dominant follicle on endometrial mean NPV in
ipsilateral and contralateral uterine horn locations was not statistically compared as
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neither left nor right midpoint and tip mean NPV changed over time prior to ovulation.
However,

Griffin and Ginther (1991) suggested that the presence of a CL or a

preovulatory follicle did not have an effect on the diameter of the ipsilateral hom. This
was the expected outcome, as the vascular anatomy of the mare's reproductive tract does
not facilitate local transport of substances from the ovary to the uterus and vice versa
(Ginther, 1992).
Endometrial echo texture as assessed by mean NPV was temporally associated with
changes that have been historically reported in circulating estrogen levels. In mares,
estrogen secretion increases starting 10 to 6 days before ovulation and continues to
increase reaching maximum serum levels 48 to 24 hrs before ovulation (Gastal et al.,
1999). Changes in endometrial echotexture have been attributed to fluctuations in
estrogen exposure, suggesting that a temporal relationship may exist between mean NPV
and serum estradiol concentrations (Hayes eta/., 1985). Others suggest that endometrial
edema occurs only in the presence of estradiol and in the absence of progesterone. Mares
which failed to show changes in endometrial edema (echotexture) had higher levels of
progesterone, which caused partial or complete inhibition of the normal endometrial
edema pattern (McKinnon and Voss, 1993).
The variability in endometrial edema patterns also is reported to be related to the
presence and number of estrogen receptors in the endometrium (McKinnon and Voss,
1993). The concentration of the estrogen receptors in the endometrium is reported to be
high during estrus and early diestrus, with reduced numbers of receptors in mid- to latediestrus (Tomanelli eta/., 1991). Therefore, a combination of shifting ovarian steroid
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ratios and a change in the number of estrogen receptors in the endometrium during
diestrus maybe associated with diminished endometrial edema patterns. An evaluation of
the relationship between endometrial edema and levels of estrogen in individual mares
should be performed to further our understanding of the underlying physiologic basis for
changes in endometrial echotexture.
In the present study, the overall endometrial mean NPV reached a nadir 96 hrs
before ovulation in group 1, the natural cycle, but 24 hrs before ovulation in groups 3 and
4, the two estrous periods in which ovulation was induced by the injection ofhCG. In the
two groups where hCG was administered, the duration of estrus was shortened and the
rate of change in endometrial echotexture (mean NPV) was accelerated. The accelerated
endometrial echotextural changes may have been associated with hastened follicular
development and maturation (preparation for ovulation) as a result of the use an ovulation
induction agent.
We observed no statistically significant changes (p > 0.07) in the overall mean
NPV over time in the prostaglandin alone-induced estrous period (group 2).
Administration of prostaglandin alone appeared to minimize the degree of echotextural
changes observed in the endometrium. The duration from administration to response
(onset of estrus) from prostaglandin treatment was 1 to 7 days. The physiologic basis for
this wide range in response times appeared to be related to the size and competence of the
follicular structures in the ovary at the time of prostaglandin administration (Douglas and
Ginther, 1972). Estrous behaviour may be reduced or non-existent when a large follicle
has ovulated within 24 hrs of prostaglandin administration (Allen and Rowson, 1973).
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In addition, mares observed to ovulate within 24 hrs of prostaglandin injection are
reported to have little or no subjective endometrial edema (McKinnon and Voss, 1993).
The lack of change in mean NPV during estrus in group 2 may have been a result of the
fact that the CL was not susceptible to the effects ofPGF2a. Presumably, progesterone
levels were at maximal levels on day 6 post-ovulation in the mares studied.

If

progesterone levels were not maximal, then the administration of PGFza to a mare in
diestrus did not result in a rapid decline in serum progesterone and a shortened luteal
phase. Therefore, perhaps some of the observed ovulations were not from the primary
wave but were secondary wave diestrous ovulations. If the observed ovulations were
diestrous ovulations, then estrogen would be lower, and consequently endometrial edema
would be reduced or non existent. Furthermore, individual animal variability may have
partially or completely contributed to the lack of change in mean NPV during estrus in
group 2. No mares repeated this pattern in any of the subsequent observational estrous
periods, hence the absence of endometrial edema was not inherent to individual mares,
rather it was likely physiologically associated with steroids produced from the largest
follicle at the time of observation or the mares endocrine status at the time of treatment.

Overall, endometrial mean NPV were similar to that of diestrous mean NPV 36 hrs
before ovulation for group 1 and 12 hrs before ovulation for groups 3 and 4. The return
of mean NPV during estrus to values similar to those measured during diestrus
corresponded with a resolution of endometrial edema prior to ovulation. Samper (1997)
has observed mares to ovulate with grade IV endometrial edema, however, none of the
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mares in the present study ovulated in the presence of endometrial edema (Grades III and
IV). Samper (1997) reported that ovulation in mares in the presence of grade IV
endometrial edema patterns was often associated with the accumulation of fluid postbreeding. Post-breeding fluid accumulation was usually associated with subfertility in
mares, as a result of persistent post-mating endometritis. Inflammation subsequent to
breeding or infection, therefore may be a cause ofpersistent endometrial edema (Samper,
1997). In the present study, young, virgin mares were used and endometritis was unlikely
to be present based on the criteria for inclusion in this study (a uterine cytology which
was negative for inflammation and a uterine endometrial biopsy grade of I or IIA).
Therefore, mares which ovulated in the presence of endometrial edema (Samper, 1997)
were an abnormality that may indicate an underlying pathological process was present and
mares with this pattern may require additional monitoring for fluid accumulation after
breeding. The usefulness ofcomputer-assisted image analysis ofendometrial echotexture
in older sub fertile mares or mares susceptible to endometritis remains to be examined as
subfertile mares were excluded from the study population. The pattern of change of
endometrial echotexture in mares which received an ovulation induction agent was similar
to mares which did not receive any hormonal manipulation. The rate of change of
endometrial echotexture in mares which received an ovulation induction agent was
accelerated compared to mares which did not receive any hormonal manipulation. The
abbreviated rate of change in mares in groups 3 and 4 compared to group 1 was largely
associated with the change in the length of the estrus receptivity (2.0 days in groups 3 and
4 versus 6.0 days in group 1). Ovulation induction agents abbreviate the duration of estrus
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(Duchamp eta/., 1987). Therefore, endometrial edema is forced to occur in a shorter time
period. Similarly, regardless ofhormonal manipulation, endometrial edema patterns, will
resolve in normal healthy mares prior to ovulation. Therefore, complete resolution of
endometrial edema patterns can be used to assess impending ovulation. Furthermore,
peak endometrial edema can be used as an indicator to order cooled transported semen in
normal healthy mares.
Computer-assisted image analysis technology provides a non-invasive means of
objectively evaluating the normal, morphological changes in the endometrium ofthe mare
during estrus. The usefulness of actual mean NPV was limited due to the design of the
computer-assisted image analysis system. Comparisons between mean NPV were valid
provided that the ultrasound image characteristics were standardized to predetermined
values to prevent the image attributes from being influenced. Therefore, one can not
extrapolate actual mean NPV to other computer-assisted image studies unless the same
predetermined ultrasound settings are used. Therefore, in future studies, since ultrasound
settings (i.e., power, overall time-gain compensation, near-field and far-field gain) are not
standardized but adjusted to operator preference subsequent computer-assisted image
analysis will result in different mean NPV for similar tissues at similar times relative to
ovulation, however, the pattern of change would be hypothesized to be the same.
In summary, uterine body endometrial echotextural changes dwi.ng estrus are
important attributes to evaluate when assessing a mare for impending ovulation.
However, the location of the dominant follicle had no effect on endometrial echotexture
in the uterine horns. The use of hCG for ovulation-induction resulted in accelerated

55

changes in overall mean NPV. This information may be useful for veterinarians that are
monitoring mares in natural estrus or using hCG as a means of inducing ovulation in order
to perform insemination close to the time of ovulation.
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3. TRANSRECTAL TONOMETRY AND COMPUTER-ASSISTED IMAGE
ANALYSIS OF THE WALL OF THE DOMINANT FOLLICLE DURING
ESTRUS IN THE MARE

3.1 Abstract

Intrafollicular pressure of the dominant follicle was measured using a transrectal
tonometric device.

Computer-assisted image analysis was used to evaluate

ultrasonographic images of the equine preovulatory follicular wall. The objectives of the
study were to determine if follicular attributes such as ultrasonographic changes in the
preovulatory follicle and/or follicular softening were related to follicular maturation and
to determine how hormonal manipulation influenced these follicular variables. Data were
adjusted retrospectively by hours (hrs) prior to ovulation (time 0). The reproductive tracts
oflO young, maiden, light horse mares were examined at 12 hour (hr) intervals during 4
successive estrous groups. Each group had varying amounts of hormonal manipulation;
group 1: natural estrus; group 2: prostaglandin (PGF 2a) induced estrus; group 3: PGF2ainduced estrus with hCG administrated when the dominant follicle was 35 mm in
diameter or greater; and group 4: PGF 2a-induced estrus with hCG administrated when a
subjective grade II endometrial edema pattern was attained. Cross-sectional real-time and
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still-frame images of the preovulatory follicle were captured on videotape, subsequently
digitized and analysed using a customized computer program for spot metering
measurements, and linear analysis. A transrectal tonometric device was designed to
quantitate changes in follicular pressure as ovulation approached. General linear models
for repeated measures were used to investigate if the outcomes of interest changed (p <
0.05) over time prior to ovulation in each of the four groups. The following variables
were evaluated over time using a repeated measures general linear model: follicular size,
follicular echotexture (mean NPV), follicular wall thickness (mean area under the curve),
and follicular tonometry (mean PSI). Post-hoc comparisons between consecutive time
points were made using the Bonferroni method in SPSS. Mean follicular antral diameter
increased up to 24 hrs before ovulation (p = 0.01; p = 0.03; p = 0.02) in groups 1, 2, and
4, respectively. Follicular wall echogenicity was assigned a numeric value expressed as
an overall mean numeric pixel value (NPV) for each time interval. Mean NPV of the
follicular wall increased during the estrous period until ovulation for group 2: p = 0.05;
group 3: p < 0.001; and group 4: p = 0.03. There was a progressive increase in the
follicular wall thickness in the two groups that did not involve hCG administration; group
1: p = 0.005 and group 2: p = 0.01. Follicular tonometric readings fluctuated throughout
the duration of estrus and decreased (0.5 to 1.0 PSI) between 24 and 12 hrs prior to
ovulation in each of the four groups (p 1 = 0.01; p2 = 0.01; p 3 < 0.001; p4 = 0.03). The
results support the use of changes in follicular attributes of the dominant follicle to aid in
assessing the interval to ovulation.
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3.2 Introduction

The equine preovulatory follicle undergoes a series of changes in preparation for
ovulation which include an increase in size, and changes in shape, pressure, wall thickness
and echotexture (Gastal eta/., 1999a; Gastal eta/., 1998a; Gastal eta/., 1998b; PlataMadrid eta/., 1994; Carnevale eta/., 1988; Pierson and Ginther, 1987; Pierson and
Ginther, 1985). Changes in equine ovarian follicular structure have been evaluated using
subjective echotextural criteria to help predict ovulation. Subjective changes in follicular
pressure have also been monitored using rectal palpation, as a means of predicting
ovulation. A perceptible softening of the dominant follicle within 24 hrs of ovulation has
been reported in 90% of mares (Parker, 1971). It is not known whether induction of
ovulation with hCG results in measurable changes in follicular tone prior to ovulation.
Quantitative computer-assisted image analysis has been used to evaluate equine and
bovine ovarian follicles and bovine CL (Singh eta/., 1998; Singh eta/., 1997;Tom eta/.,
1998; Townson and Ginther, 1989). A recent trend in the clinical application of imaging
technology is to couple diagnostic ultrasonography with computer-assisted image analysis
to quanitate changes in ovarian and uterine tissue (Pierson and Adams, 1995). Computerassisted image analysis can be used to assess changes in ovarian and uterine echotexture
via digital evaluation of the pixels in the image (Tom eta/., 1998; Adams and Pierson,
1995; Pierson and Adams, 1995; Townson and Ginther, 1989). Computer-assisted image
analysis is advantageous because it has a high degree of precision (0 to 255 shades of
grey) when implemented (Pierson and Adams, 1995).
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Spot measuring is one of the easiest methods to quantify pixel values in a particular
area of interest. Spot measuring used a circle with a predetermined area to sample
echotexture in a user-selected region of interest. The pixels within the circular spots were
assigned a numeric value by the computer, which corresponded to the grey-scale of each
pixel (Pierson and Adams, 1995). The computer-generated output was expressed as
mean NPV and standard deviation. Mean NPV (brightness of the pixel elements) were
described by using a range of values from 0 (black) to 255 (white). The resultant mean
NPV was the mean of the grey scale values of all the pixels falling within the measuring
spot and the standard deviation was used as an indicator of image heterogeneity or the
variability of the pixels within each individual spot measurement.
Line analysis employed a line drawn through a section of the ovary (parenchyma,
follicular wall, antrum), thereby, allowing numerical pixel values along the line to be
plotted (Pierson and Adams, 1995). The pixel values (expressed as NPV) reflected the
amplitude of the echos along the line. A plot of the number of pixels (length) and pixel
values was made. The area under the region of the plotted curve which corresponded to
the stroma, follicular wall, and antrum was identified by the change in mean NPV.
Changes in follicular pressure have been assessed based on subjective rectal
palpation (Parker, 1971). A customized transrectal tonometer, which was previously
validated for reliability and validity on structures of known pressures and follicles of
varying stages of the estrous cycle from equine cadaver reproductive tracts, was used to
assess changes in follicular pressure as ovulation neared (Appendix A). The objective
measurement of follicular pressure of follicles has not been previously investigated,
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however, it is common practice in human medicine to assess intraocular pressure in the
diagnosis of glaucoma.
Hormonal manipulation to induce estrus or ovulation in the mare is routinely used.
Our understanding of the effect of these hormones on follicular and endometrial
characteristics is incomplete.

To date, subjective ultrasonographic evaluation of

echotextural changes in the dominant follicle during estrus have not been reported in
hormonally manipulated cycles. Some mares have been observed to ovulate within 24
hrs of the administration ofPGF 2a when a large follicle ( > 35 mm) was present (Kimball
and Wyngarden, 1977). Prostaglandin administration in the presence of small to medium
sized follicles (< 30 mm) did not alter the duration of estrus (Bragg, unpublished). The
administration of hCG has also been used to reduce the duration of estrus by advancing
the time of ovulation (Michel and Rossdale, 1986; Loy and Hughes, 1966).
The purpose of this experiment was to objectively characterize follicular attributes
of the dominant follicle during estrus over four estrous periods with different amounts of
hormonal manipulation. Follicular attributes were assessed utilizing computer-assisted
image analysis and a transrectal tonometric device. The tonometry was used to provide
an objective quantifiable means to measure follicular pressure. Further comparisons were
made with previously described subjective assessments of features of the preovulatory
follicle (Gastal et al., 1999a; Gastal et al., 1999b; Gastal et al., 1998a; Gastal et al.,
1998b; Plata-Madrid et al., 1994; Carnevale et al., 1988; Pierson and Ginther, 1987;
Pierson and Ginther, 1985).
Specifically, the following individual hypotheses were tested for each group
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1) the antral diameter of the dominant follicle increases prior to ovulation;
2) the mean echogenicity of the follicular wall as detected by
ultrasonography using

the computer assisted image analysis increases

throughout estrus;
3) the thickness of the follicular wall (combined thickness of the granulosa
and thecal layers) increases throughout estrus;
4) mean intrafollicular pressure of the dominant follicle as quantified
through transrectal tonometric measurements decreases prior to ovulation
and
5) hormonal treatment with PGF2« and/or hCG has an effect on the
aforementioned follicular parameters

3.3 Materials and Methods

The reproductive tracts of 10 maiden, light horse mares (3 Quarter Horses, 3
Thoroughbreds, 2 Standardbreds, and 2 Appaloosas), aged 2 to 6 years of age, and
weighing between 400 to 500 kilograms were evaluated using diagnostic ultrasonography.
All mares had a uterine cytology which was negative for inflammation (McKinnon and
Voss, 1993) and a uterine biopsy grade of either grade I or grade II A (Kenney and Doig,
1986).
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Ultrasonographic evaluations were initiated at the onset ofbehavioural estrus of the
first cycle in the experimental period. Mares were examined every 12 hrs throughout
estrus until ovulation was confirmed. A diestrous ultrasonographic examination was
performed on day 6 post-ovulation. Mares were subsequently examined during estrus
over 4 successive estrous periods between the beginning of June and the end of August.
Spring and Fall transitional periods were avoided. Each successive estrous period was
designed to examine the effects of a different amount of hormonal manipulation. The
four experiments were defined as follows:

Group 1: a natural estrous period with no hormonal manipulation;

Group 2: a PGF2a-induced estrous period (5 milligrams (mg) dinoprost
tromethamine,

subcutaneously;

Lutalyse,

Pharmacia

&

Upjohn,

Mississauga, Ontario). Prostaglandin F za was administered on day 6 postovulation irrespective of follicular size;

Group 3: a PGF za- induced estrous period. Prostaglandin F za was administered on
day 6 post-ovulation followed by 2000 international units (IU) of hCG,
intravenously, (APL, Ayerst, Guelph, ON) when the dominant follicle was
~ 35

mm in diameter; and
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Group 4: a PGF 2a-induced estrous period. Prostaglandin F2a was administered on
day 6 post-ovulation followed by 2000 IU ofhCG, intravenously, when
grade II endometrial edema was attained.

Group 1 served as an unmanipulated control group and group 2 served as aPGF2ainduced control group for the last two groups. Criteria for the administration of the
ovulatory induction agent in groups 3 and 4 were based on the desire to induce ovulation
prior to when spontaneous ovulation would be anticipated to ensure that the observations
were as a result of hCG administrations and not spontaneous ovulation.
Over the course of the study, 40 estrous periods were evaluated consisting of four
experimental groups with the same 10 mares in each experiment. The duration of the
study was from the beginning of June to the end of August. Spring and Fall transitional
periods in the Northern hemisphere were avoided and treatments were not randomized in
their sequence in an attempt to minimize possible carry-over effects amongst PGF2a and
hCG administration. The design in the present study was chosen because a longer
observational study period would be needed to eliminate the possibility of a carry-over
effect among the hormonal treatments and may have resulted in the introduction of a
confounding seasonal effect.
Ultrasonographic examinations were performed ustng an Ausonics Impact
ultrasound scanner (Universal Medical Inc., NewYork, NY) and a 6.0 MHz micro-convex
transducer. The ultrasonographic instrument produced an image using a 512 x 512 eightbit scan with 1 of256 possible shades of grey. Settings on the ultrasonographic machine
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which could influence the image attributes (i.e., power, overall time-gain compensation,
near-field and far-field gain) were standardized to predetermined values throughout the
observational period. In an attempt to reduce the degree of signal attenuation, the distance
between the transducer and ovary was minimized. Both real-time and still-frame images
at each point were recorded on S-VHS tape with a Sears 4-head VHS recorder (Sears
Canada, Toronto, ON). Still-frame images were subsequently captured using a digital
image acquisition system (PCVISION+, Imaging Technology Inc., Woburn, MA) with
a resolution of 640 x 480 pixels and 256 shades of grey. Images obtained from the
ultrasonographic machine were scaled by the computer to a pixel resolution of 640 x 480
pixels and a grey scale resolution of 256 shades during the image acquisition process.
Maximal diameter of the follicle was obtained by measuring the follicular antrum.
Measurements of the follicular antrum are common practice as many ultrasonographic
images do not produce an image with resolution sufficient to visualize the follicular wall
accurately. Non-spherical follicles were measured at the widest diameter and along the
longest dimension and a mean of the two measurements was determined. Analysis of the
ultrasonographic images were performed using a customized computer program
(SYNERGYNE 1©, R.A. Pierson, Saskatoon, SK). Digital images ofthe follicular images
were analysed using a Sun Spare Station 1OSX (Sun Micro systems, MT View, CA). The
preovulatory follicle was evaluated using a spot measurement system, line analysis, and
transrectal tonometry.
A circle of a predetermined area (i.e., 5 mm2), encompassing approximately 95%
of the total width of the follicular wall was evaluated. Echo textural spot measurements
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were placed on the follicular wall and were measured and analysed at 4 predetermined
points which were 2 o'clock, 4 o'clock, 8 o'clock, and 10 o'clock (Figure 3.1). The 4 spot
measurements were used to sample pixel values from each respective quadrant. Artifacts
such as areas of enhanced transmission and reverbation from adjacent gas filled bowel
were avoided during spot placement. Samples were obtained only from wall tissue, the
follicular fluid or ovarian parenchymal interface were avoided. Values for the wall at the
stigma were not obtained due to difficulty in obtaining a high quality image of the
follicular wall in this region. The computer generated output was expressed as two
numeric values, mean NPV and standard deviation. Mean NPV (brightness of the pixel
elements) were described by using a range of values from 0 (black) to 255 (white). The
resultant mean NPV was the average of the grey scale values of all the pixels falling
within the measuring spot and the standard deviation was used as an indicator of image
heterogeneity or the variability of the pixels within each individual spot measurement
(Singh et al., 1998). An overall mean NPV and standard deviation for each crosssectional image analysed at each time interval was calculated using the average of the 4
individual mean NPV and standard deviations obtained for each spot measurement.
Hereafter, mean NPV and mean standard deviation refers to the average of the 4 spot
measurements± SEM.
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Figure 3.1 An ultrasound image of a large dominant follicle is shown with four 5 mm3
circles placed in the follicular wall. One circle is placed in each quadrant. The circles are
used to sample pixels for echotextural analysis.
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A computer generated linear analysis system was used to quantitate changes in the
follicular wall (Figure 3.2). The pixel values (expressed as NPV) in a linear analysis
reflected the amplitude of the echos along the line. A plot of the number of pixels
(length) and pixel values was made. The area under the region of the plotted curve which
corresponded to the stroma, follicular wall and antrum was identified by the change in
pixel values. A linear analysis was performed for each cross-sectional image of the
impending ovulatory follicle at each time interval for the 10 mares over the 4 estrous
periods. Computer-generated, color enhanced, two dimensional images of the follicle
were assessed for changes in the characteristics of the follicular wall. The characteristics
evaluated were the presence of a hypoechoic layer located between the granulosa and
thecal layers (Figure 3.3).
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Figure 3.2 An example of a line analysis of the preovulatory follicular wall (A and B).
Diagram A illustrates the initial placement of the line while diagram B is an example of
a computer generated plot of pixel length (x axis) and pixel intensity (y axis) ofthe pixels
that fall on the line shown in A. The region of the curve in B is labelled as follows : 1
corresponds to follicular fluid, 2 to the follicular wall with both the granulosa and thecal
layers, and 3 to the ovarian stromal tissue. Area under the graph in region 2 represents the
pixels contained in the follicular wall and corresponds to the thickness of the follicular
wall.
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A

B

Figure 3.3 Color eli1thancement. of two dimensional ultrasonographic image (A) and threedimensiona( contour image of same follicle (B).
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A transrectal tonometric device was designed to quantitate changes in follicular
pressure as ovulation approached (Figure 3.4). The tonometric device was validated for
reliability and validity on structures of known pressures in a standardized engineering
laboratory and on follicles of varying stages of the estrous cycle from equine cadaver
reproductive tracts using a customized engineering program which was standardized to
ensure accuracy {Appendix A). Prior to the onset of the study, the resistance by the rectal
mucosa was determined through a series of in vivo and in vitro comparisons. Tonometric
pressures of follicles of comparable sizes were compared in vivo and in vitro. No
statistical difference was detected among pressures in the two groups. Therefore, the
resistance offered by the rectal mucosa was determined to be minimal and was ignored
in the study (Appendix A). The system was designed to fit on a finger of the palpator.
The tonometry system consisted of influx tubing which was connected to a pressurized
nitrous oxide tank. When activated, by placement of the apparatus onto the apical region
of the follicle, pressurized gas from influx tubing resulted in movement of the piston.
Once placement ofthe apparatus onto the follicle occurred, the tonometer was stabilized
by the palpator and the mechanical design of the system prevented any force applied by
the operator from influencing the movement of the piston. If resistance by the follicle
wall was minimal, the piston advanced resulting in partial or complete opening of a series
of o-rings located within the encasement of the piston. The opening of these o-valves
resulted in the expulsion of excess gas through the efflux tubing and resulted in a low
reading. If the follicle offered resistance, deflection of the follicular wall was minimal.
Therefore, the piston moved only a small distance, thereby, preventing opening of the o-
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valves resulting in a higher pressure reading as reflected on the LCD readout. An external
latex sheath was applied over the system to minimize the interference of manure and
lubrication with free movement of the piston.
All data points were retrospectively adjusted using day of ovulation as a reference
point (ovulation = 0 hours). General linear models for repeated measures were used to
investigate if the outcomes of interest changed (p < 0.05) over time in each of the four
cycles. The following variables were evaluated, over time using a repeated measures
general linear model; follicular size, follicular echotexture (mean NPV), follicular wall
thickness (mean area under the curve), and follicular tonometry (mean PSI). Post-hoc
comparisons between all consecutive time points were made using the Bonferroni method
in SPSS.

72

A

B

c

D

Figure 3.4 Illustrations of the transrectal tonometry device. Panel A shows a close up of
the piston device with the piston fully extended. Panel B shows the latex covering of the
device and its ring apparatus. Panel C shows the influx and efflux tubing of the
transrectal tonometer. Panel D shows the gas flow regulator that was connected to the
device via the tubing and that measured the initial flow ofnitrous oxide gas, and the LCD
readout display.
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3.4 Results

Ten estrous periods in each of the four successive cycles were studied. Mares
which did not ovulate within 48 hrs of hCG treatment (group 3: 2110, 20% and group 4
: 3/10, 30%) where classified as non-responders and were followed until an ovulation was
confirmed. When data from non-responding mares in group 3 and 4 were compared
retrospectively by time prior to ovulation, there were no differences among responders
(ovulated within 48 hrs of hCG administration) and non-responders (did not ovulate
within 48 hrs ofhCG administration) for outcomes of interest (p > 0.1 ). Therefore, all1 0
mares evaluated were included in the analysis. For each mare in each group, the
dominant preovulatory follicle was followed until ovulation. Therefore, 10 preovulatory
follicles were evaluated for each group. The ultrasonographic changes in the preovulatory
follicle as detected by computer-assisted image analysis and transrectal tonometry in the
four group are summarized in Figures 3.5 to 3.8.

3.4.1 Follicular Growth Rate and Ovulatory Size

The maximum cross-sectional image of the antral area of each follicle was selected
for examination. In each group, antral follicular diameter measurements increased (p 1 =
0.01; p 2 = 0.03; p 4= 0.02; subscripts denote group number) in the days prior to ovulation
(Figure 3.5). Follicular diameter increased (p < 0.05) up until24 hrs before ovulation for
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groups 1, 2, and 4. In the final 24 hrs before ovulation, ovulatory follicles either grew at
a decreased rate of growth, remained static, or underwent a mild regression in diameter
measurements (Figure 3.5). The distribution of follicular size 24 hrs before ovulation in
10 estrous mares are reported in Table 3.1. Mean(± SEM) follicular antral growth rates
and mean (± SEM) follicular antral diameter measurements at ovulation are reported
(Table 3.2, 3.3). Follicular antral size at ovulation varied from 29 mm to 78 mm among
the four cycles.

3.4.2 Follicular Wall Echogenicity

Mean NPV of the follicular wall of the dominant follicle for the 10 mares over the
4 estrous groups were variable. A fluctuating pattern was observed in mean NPV in
groups 1 and 2. Mean NPV of the follicular wall increased during the estrous period until
ovulation for group 2: p = 0.05; group 3: p < 0.01; and group 4: p = 0.03. The mean (±
SEM) daily change (24 hrs) was 3.1 ± 1.9 NPV for group 2, 11.7 ± 5.3 NPV for group 3
and 10.7 ± 4.3 NPV for group 4 (Figure 3.6).
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Figure 3.5 Mean(± SEM) dominant follicular antral diameter measurements in 10 mares
over 4 estrous periods 1•

1

Group 1: natural estrus; group 2: PGF2a-induced estrus; group 3: PGF 2a-induced estrus
with hCG administered when a 35 mm follicle was detected; and group 4: PGF 2a-induced
estrus with hCG administered based on the attainment of grade II endometrial edema.
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Table 3.1 A frequency distribution of follicular size 24 hrs before ovulation in 10 mares
over 4 estrous periods 1•

Group
Antral Diameter (mm) at Ovulation

1

2

3

4

30 to 35

1

1

0

1

36 to 40

4

3

5

5

41 to 45

5

4

5

4

>46

0

2

0

0

1

Group 1: natural estrus; group 2: PGF2cx-induced estrus; group 3: PGF2cx-induced estrus
with hCG administered when a 35 mm follicle was detected; and group 4: PGF2cx-induced
estrus with hCG administered based on the attainment of grade II endometrial edema.
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Table 3.2 Mean(± SEM) follicular antral growth rates (mm/day) of the dominant follicle
up to 24 hrs before ovulation in 10 mares during 4 estrous periods 1•

Group

Follicular Growth Rates
(mm/day)

95% Confidence Interval

1

2.5 ± 0.6

1.3 to 3.7

2

1.9 ± 0.5

0.9 to 2.9

3

1.7±0.1

1.5 to 1.9

4

4.0 ± 0.1

3.8 to 4.2

1

Group 1: natural estrus; group 2: PGF2a-induced estrus; group 3: PGF2a-induced estrus
with hCG administered when a 35 mm follicle was detected; and group 4: PGF2a-induced
estrus with hCG administered based on the attainment of grade II endometrial edema.
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Table 3.3 Mean(± SEM) follicular antral diameter (mm) at the time of ovulation in 10
mares over 4 estrous periods 1•

Group

Antral Diameter (mm)

95% Confidence Interval

1

45.2 ± 1.7

43.5 to 46.9

2

46.9 ± 4.3

42.6 to 51.2

3

39.2 ± 1.3

37.9 to 40.5

4

43.0± 2.5

40.5 to 45.5

1

Group 1: natural estrus; group 2: PGF 2a-induced estrus; group 3: PGF2a-induced estrus
with hCG administered when a 35 mm follicle was detected; and group 4: PGF 2a-induced
estrus with hCG administered based on the attainment of grade II endometrial edema.
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Figure 3.6 Mean(± SEM) numeric pixel values (NPV) of the follicular wall in 10 mares
over 4 estrous periods 1• Group 1: p > 0.05; group 2: p = 0.05; group 3: p < 0.001; and
group 4: p = 0.03 where the p-values are the result of a repeated measures general linear
model ANOVA for mean NPV by time prior to ovulation for each independent group.
1

Group 1: natural estrus; group 2: PGF2a-induced estrus; group 3: PGF2a-induced estrus
with hCG administered when a 35 mm follicle was detected; and group 4: PGF 2a-induced
estrus with hCG administered based on the attainment of grade II endometrial edema.
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3.4.3 Follicular Wall Thickness

There was a progressive increase in the follicular wall thickness in the two groups
that did not involve ovulation induction with hCG (Figure 3.7); group l(p = 0.005) and
group 2 (p = 0.01). The mean(± SEM) daily change (24 hrs) was 71.3 ± 24.6 NPV for
group 1 and 127.0 ± 45.3 NPV for group 2. Evaluation of the combined thickness of the
thecal and granulosa cells in the follicular wall at the base, the point of the follicular wall
that is opposite the stigma or ovulation fossa, increased over time prior to ovulation;
group 1 (p = 0.05) and group 2 (p = 0.01). The contour of the follicular wall was
subjectively assessed visually on the routine diagnostic ultrasound image (Figure 3 .2) and
a hypoechoic line was observed between two echoic cell layers of the follicle in some
mares. The hypoechoic layer was limited to the base of the follicular wall.

3.4.4 Follicular Pressure as Assessed by Transrectal Tonometry

Follicular tonometric pressures fluctuated throughout the duration of estrus. Earlier
in the observational period, some follicles exhibited a transient decrease in pressure
followed by a increase in turgidity prior to undergoing a final decrease (p

=

0.05) prior

to ovulation (Figure 3.8). A decrease in follicular pressure at the base of the follicular
wall, the point opposite the ovulation fossa, was observed over the interval between 24
and 12 hrs preceding ovulation in all four groups (p 1 = 0.01; p 2 = 0.01; p 3 < 0.001; p 4 = 0.03;
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subscripts denote group number; Figure 3.8). The mean decrease in follicular tonometry
readings between the last two readings prior to ovulation (24 to 12 hrs prior) varied
between 0.5 and 1.0 PSI. Follicles ovulated within 12 hrs of undergoing a decrease (p =
0.05) in pressure. Mean(± SEM) follicular pressure immediately prior to ovulation were
2.4 ± 0.2; 2.7 ± 0.1; 2.5 ± 0.1; 2.6 ± 0.8 PSI for groups 1, 2, 3, and 4, respectively.
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Figure 3.7 Mean(± SEM) area under the curve representing follicular wall thickness in
10 mares over 4 estrous periods 1 • Group 1: p = 0.005; group 2: p = 0.01; group 3: p >
0.05; and group 4: p > 0.05 where the p-values are the result of a repeated measures
general linear model ANOVA for mean area under the curve by time prior to ovulation
for each independent group.
1

Group 1: natural estrus; group 2: PGF2a-induced estrus; group 3: PGF2a-induced estrus
with hCG administered when a 35 mm follicle was detected; and group 4: PGF 2a-induced
estrus with hCG administered based on the attainment of grade II endometrial edema.
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Figure 3. 8 Mean (± SEM) follicular tonometric measurements of the dominant follicle in
10 mares over 4 estrous periods 1• Group 1: p = 0.01; group 2: p = 0.01; group 3: p <
0.001; and group 4: p = 0.03 where the p-values are the result of a repeated measures
general linear model ANOVA for mean (± SEM) intrafollicular tonometric measurements
by time prior to ovulation for each independent group.
1

Group 1: natural estrus; group 2: PGF2a-induced estrus; group 3: PGF2a-induced estrus
with hCG administered when a 35 mm follicle was detected; and group 4: PGF2a-induced
estrus with hCG administered based on the attainment of grade II endometrial edema.
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3.5 Discussion

Mean diameter of the preovulatory follicle increased during estrus until 24 hrs
before ovulation in groups 1, 2, and 4. Growth rates were variable in the last 24 hours
before ovulation which is in agreement with Carnevale et al. (1988). In the 24 hrs
preceding ovulation, impending ovulatory follicles grew at a decreased rate, remained
static, or decreased in size. Ovulatory size at ovulation varied from 29 mm to 78 mm
among the four groups. The similarity in ovulatory size among the four groups coupled
with the shorter duration of estrus indicated that the use of ovulation induction agents,
such as hCG, increased the growth rate of the dominant follicle between treatment and
ovulation.
The increased mean NPV of the follicular wall in groups 2, 3, and 4 indicated that
the brightness of the pixel elements increased in estrous periods with hormonal
manipulation. These changes were subtle and represented increases of 3.1 to 5.1 NPV
over each 24 hr period. The hypoechoic line was apparent in most preovulatory follicles
using routine ultrasonography. The origin of the hypoechoic layer in the follicle requires
further investigation. Gastal et al. (1999a, 1998a, 1998b) reported that the anechoic layer
represented separation of the granulosa and thecal cell layers. An increase in blood
vessels, edema, hemorrhage, and hypermia has been reported in between the theca and
granulosa cell layers in mares near ovulation that were treated with hCG (Kerban et al.,
1997). Additional, histologic changes following the administration of hCG have been
reported in the mare. The changes include deposition of an acid mucoid substance that
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coated the luminal side of the follicle, an increased thickness in the mean number of
layers of granulosa cells, an expansion of the space between granulosa cell layers due to
an increase in mucoid substances between cells, a lack of mitotic figures in the granulosa
cell layer, a degeneration and decrease in the thickness of the theca intema layer. It was
hypothesized as ovulation nears, that the hypermia leads to eventual separation between
the two distinct cell types of the follicular wall as luteinization proceeds (Gastal eta/.,
1999a, 1998a, 1998b). A comparison of the ultrasonographic appearance with the
corresponding histologic features is needed to further understand the physiologic basis of
the changes in the follicular wall attributes and to aid in the prediction of ovulation in the
mare.
The expression of steroidogenic enzymes (i.e., 3-P-hydroxysteroid dehydrogenase)
and hormones (i.e., progesterone, estradiol17-P) in the granulosa and thecal cells of the
dominant follicle in mares treated with or without hCG may provide additional insight
into the observed changes in the follicular wall attributes and may aid in our
understanding of the physiology of the mare estrous cycle. The structural changes in the
follicular wall visualized with ultrasound may be correlated with the endocrine, cellular
and molecular maturation. Furthermore, further studies will enable veterinarians to
identify why and more specifically, which mares will not ovulate within 48 hrs of
administration of an ovulatory induction agent, such as hCG.
Ultrasonographic evidence of thickening of the follicular wall prior to spontaneous
ovulation has been reported in women, cows, and mares (Gastal eta/., 1998a; 1998b;
Hanna, 1998). The data (Figure 3.6) indicate that the base of the follicular wall does
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change in thickness. Thickening of the wall of the follicle was believed to be mainly
associated with changes in the granulosa cell layer in preparation for luteinization. This
study does not support Gastal eta/. (1998a), which found that the administration ofhCG
resulted in thickening of the follicular wall. Follicular wall thickening was observed in
groups 1 (p = 0.005) and 2 (p = 0.01); groups 3 (p > 0.05) and 4 (p >0.05) did not increase
as ovulation approached. The discrepancy between the study of Gastal eta/., ( 1998a) and
this study may be related to differences in precision of measurement (subjective grade
assessment of follicular wall thickening versus objective evaluation of follicular wall
thickening using the area under the curve as determined by computer-assisted image
analysis), the timing of the treatment (early estrus, low LH levels versus late estrus, high
LH levels), or the lack of sufficient study period (entire interovulatory interval versus the
48 hrs preceding impending ovulation).
Follicular fluid steroid (estrogens) levels in regressing follicles have been shown
to be lower than in viable follicles (Kenney et a/., 1979). High levels of estrogen are
historically related to morphological changes observed in both the endometrium (edema)
and to the preovulatory follicle (thickening). We hypothesized a direct-cause and effect
relationship exists between steroidogenesis of the dominant follicle and the associated
morphological changes in the follicular wall and the endometrium. Further investigation
is needed to determine if the steroidogenic status of the follicle is correlated with the
morphologic status of the follicle.
Transrectal tonometry of the dominant follicle detected decreasing follicular
pressures as ovulation approached, however, a chronological time-related difference was
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detect only between 24 and 12 hrs preceding ovulation. Several authors have described
softening of the preovulatory follicle immediately prior to ovulation in the mare
(Carnevale et al., 1988; Plata-Madrid et al., 1984). Plata-Madrid et al. (1984) reported
that approximately 90% of the preovulatory follicles in the mare exhibited a change in
consistency as determined by rectal palpation from turgid to soft. The actual change in
follicular pressure preceding impending ovulation was small and probably not detectable
by manual palpation. It is believed that the perceived softening ofthe follicular wall based
on per rectal palpation actually corresponded to the changes which were observed in the
follicular wall, such as edema and hypermia. Other factors such as the repeated palpation
of the dominant follicle, diameter of the follicle, position of the follicle on the ovary,
arrangement of surrounding subordinate follicles and the percentage of ovarian tissue
invested by the ovulation fossa may play a role in the determination of the changes in
follicular pressure (Carnevale et al., 1988; Plata-Madrid et al., 1984).
Pressure readings of the dominant follicle, using the tonometry device, for group
4 (Figure 3.9) were subjectively higher in the days prior to ovulation than pressure
readings obtained for groups 1, 2, or 3. The higher pressures in the days preceding
ovulation in group 4 was likely associated with smaller, less mature subordinate follicles
as illustrated by comparison of the follicular diameter measurements and pressures
amongst the four groups (Figure 3.4 and 3.9). The criteria for administration ofhCG in
group 4 were the attainment of grade II (moderate) endometrial edema irrespective of
follicular size. The mean follicular size at the beginning of the observational period in
group 4 was less than the mean follicular diameter at the onset of study in the other
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groups. Additionally, mean follicular growth rates in group 4 follicles were higher (1.5
to 2.3 mm higher per day), adding credence to the observation that hCG administration
resulted in altered daily growth rates {Table 3.2) when the criteria for induction was the
attainment of a subjective grade II endometrial edema pattern irrespective of follicular
SIZe.

In rabbits, a decrease in follicular pressure as ovulation approached was attributed
to a 6 to 10 fold increase in the distensibility of the follicle. It was hypothesized that the
change in follicular pressure in the mare is most likely a result of a change in the tensile
strength of the follicular wall rather then a change in follicular fluid density Carnevale et
al. 1988). Critical investigation of the density of follicular fluid and the tensile strength
of the follicular wall throughout the estrous period would be beneficial to identify the
physiologic basis for the decrease in follicular pressure. Follicular fluid density could be
assessed, in vivo or in vitro, through computer-assisted image analysis of antral
echotexture or actual measurement of the follicular fluid density. Further, continuous
evaluation using computer-assisted image analysis ofthe preovulatory follicle in the hours
preceding ovulation may be beneficial.

Continuous evaluation would enable any

imminent changes in the periovulatory follicle be objectively evaluated.
Computer-assisted image analysis technology provides a non-invasive means of
objectively evaluating the normal, morphological changes (i.e. follicular wall
echogenicity and thickness) in the preovulatory follicle of the mare during estrus. The
predictive power of the echotexture of the follicular wall and the thickness of the
follicular wall was limited due to the design of the computer-assisted image analysis
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system since settings on the ultrasonographic machine influenced the image attributes.
Therefore, in future studies, since ultrasonographic machine settings (i.e. power, overall
time-gain compensation, near-field and far-field gain) are not standardized but adjusted
to operator preference subsequent computer-assisted image analysis will result in different
mean NPV for similar times. However, the pattern of change would be hypothesized to
be the same. The predictive power of tonometry may be enhanced with a modified
tonometric device that is also able to measure deflection of the follicular wall in response
to the application of a known pressure, thereby accounting for changes in the resistance
of the preovulatory follicle. Tonometry may also be used to objectively assess changes
in uterine tone to aid in identifying mares susceptible to post-breeding inflammation
because they are reported to have poor uterine tone.
The results ofthis study support the general hypothesis that changes in the follicular
attributes of the dominant follicle can be used to aid in assessing the interval to ovulation.
Furthermore, follicular variables can be objectively evaluated using computer-assisted
image analysis and transrectal tonometry. The combination of follicular size, wall
echogenicity, wall thickness and tonometry were useful for assessing the status of the
preovulatory follicle. Further study is required to establish a relationship between
histologic, steroidogenic, and the ultrasonic attributes of the preovulatory follicle.
Additionally, concurrent evaluation of the echotexture of the endometrium and corpus
luteum together with endocrine studies may provide additional insight into this
relationship. To date, serial evaluations are needed to accurately predict ovulation in the
mare, however, further investigation into the correlation between follicular
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steroidogenesis and reproductive ultrasonographic examinations may enable veterinarians
to establish the stage of estrus based on a single ultrasonographic examination.
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4. GENERAL DISCUSSION

These studies contributed new knowledge in the area of equine reproductive
physiology by quantifying changes in ovarian follicular wall and endometrial echotexture
through computer-assisted image analysis of ultrasound pixels and pressure of the
dominant follicle through tonometry. Our results in terms of the pattern of change in
mean endometrial NPV were in agreement with other investigations of subjective scoring
of endometrial edema during natural estrus (Griffin and Ginther, 1991; Hayes eta/.,
1985). Our studies also evaluated the effect of treatment with hCG on the mean
endometrial NPV in estrus. Despite the widespread use of hCG to induce ovulation in
veterinary medicine, there was no information in the literature on endometrial edema
patterns in mares treated with this hormone. Many estrous mares are treated with hCG
in early estrus when follicular size is small and little endometrial edema is visible. The
time frame from hCG treatment to ovulation is usually 36 hrs (Duchamp et a/., 1987).
Therefore, mares are commonly not evaluated until 48 hrs post-treatment, at which time
response to hCG is determined by the presence of a CL or the lack of ovulation of the
dominant follicle. Based on the ultrasonographic image of the endometrium at the time
of administration ofhCG and 48 hrs after hCG administration, one might conclude that
there is no change in endometrial edema, because at these times endometrial edema is
normally minimal.
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The duration of natural estrus was six days. The mean NPV of the endometrium in
the uterine body changed significantly over time. Mean NPV were obtained and compared
from still frame images of the endometrium in various locations within the uterus. When
evaluating the pixels in a still frame ultrasound image it was observed that the changes
in the endometrium of the uterine body were earlier in onset and more pronounced than
in the uterine horns. The assessment of endometrial edema was performed by moving the
ultrasound probe along the entire uterus during the diagnostic scan. The movement of the
probe along the uterus coupled with the evaluation of a larger surface area, we believe
made the perception of endometrial edema, which is essentially the contrasting patterns
of dark and light shades of grey, more obvious. However, we failed to find significant
differences in endometrial edema scores in the uterine body over time in natural estrus,
suggesting that the evaluation of mean endometrial NPV was a better method to
determine changes in endometrial edema..
The significant changes in the uterus and dominant follicle of the ovary that were
noted in natural estrus included: a decreasing and then increasing pattern of uterine body
mean endometrial NPV, no change in follicular wall echotexture, an increase in follicular
wall thickness, and a decrease in follicular pressure in the last 24 hrs prior to ovulation.
In early estrus, mean endometrial NPV decreased, reaching a nadir in mid-estrus at 96
hours before ovulation, and then increased until the tissue appeared to be homogenous
near ovulation. The mean NPV of the estrous endometrium was similar to the values
achieved at diestrus at 36 hrs before ovulation. The pattern of change in endometrial
echotexture had a roughly inverse relationship to subjective scoring of endometrial
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echotexture. After which time, endometrial edema patterns resided with complete
resolution of endometrial edema 36 hrs prior to ovulation. The changes in endometrial
edema in early to mid estrus were more gradual than the rate of decline of endometrial
edema in late estrus. Serum estradiol! 7 - ~ concentrations parallelled changes in mean
NPV (Bragg eta!., 2002). Estradiol peaked prior to ovulation. The decline in endometrial
edema was believed to be related to decreasing estradiol concentrations. Estrogen binding
to its receptor was believed to initiate uterine cellular events such as increased mucus
production, retention of tissue fluid, and increased myometrial contractility (McKinnon
and Voss, 1993).
In unmanipulated estrus the dominant follicle grew at a rate of 2.5 ± 0.6 mm/day.

The mean periovulatory diameter of the dominant follicle was 45.2 ± 1. 7 mm. Follicular
growth rates during the last 24 hours prior to ovulation were suppressed as the size of the
dominant follicle either remained static, grew at a decreased rate, or slightly decreased
prior to ovulation. This change in follicular growth rates may be associated with the
Graafian follicle preparing for luteinization. The echotexture of the follicular wall was
variable during the observation period. The follicular wall at the base, the point opposite
the place of ovulation (the ovulation fossa), exhibited a progressive increase in thickness
as ovulation neared in the unmanipulated estrous group. Follicular pressure of the
dominant follicle assessed at the base of the wall fluctuated through the days prior to
ovulation. However, a significant decrease in follicular pressure was noted between the
24 and 12 hr intervals prior to ovulation. The decrease in follicular pressure was believed
to be too small to sense digitally through a rectal approach. The perceived softening of
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the dominant follicle that veterinarians report in the periovulatory period by palpation
maybe due to changes in the follicular wall in preparation for luteinization, such as a
change in follicular wall distensibility, or perhaps a result of repeated manipulation.
Mares which were induced to come into estrus through the administration of a
luteolytic agent, PGF 2a, did not exhibit a significant change in endometrial NPV over time
prior to ovulation. Seven of the ten mares in this group did not exhibit any change in
endometrial edema (NPV) throughout estrus. The three mares which did exhibit edema
in this group exhibited patterns which were similar to the mares which did not receive a
luteolytic agent. The mares with minimal change in mean endometrial NPV had lower
concentrations of estradiol. We believe that the lower concentration of estradiol resulted
in less edema in the tissue. We observed that the peak levels of estradiol were lower in
mares treated with prostaglandin than in mares during unmanipulated estrus. The mean
rate of growth of the dominant follicle was 1.9 ± 0.5 mm/day with a mean periovulatory
diameter of the dominant follicle at ovulation was 46.9 ± 4.3 mm. Similar to the mares
which were not manipulated during estrus, follicular growth rates during the last 24 hours
were suppressed in the prostaglandin treated mares. The time frame from injection of
prostaglandin to ovulation was variable and was related to the size of the follicles on the
ovary at the time of prostaglandin administration. The injections of prostaglandin were
given to mares on day 6 post-ovulation irrespective of follicle size. On day 6 postovulation, mares with two follicular waves will have a medium sized follicle at time of
PGF 2a administration, while mares with one follicular wave will only have small follicles
on their ovaries at the time ofPGF2a administration. Moreover, mares with larger follicles

95

on their ovaries at the time of prost~glandin treatment have been reported to come into
estrus faster (Kimball and Wyngarden, 1977). The follicular wall echotexture gradually
increased over time prior to ovulation. The average daily rate of change was 3.1 ± 1.9
pixels. The underlying cause ofthis increase in follicular wall NPVremains speculative.
It is not known if this is a direct, indirect, or chance- observation. The treatment with

prostaglandin was a number of days before ovulation and the hormone is reported to have
a short half-life. Therefore, it seems unlikely that the increase in follicular wall NPV was
directly related to prostaglandin treatment. The follicular wall at the base exhibited a
progressive increase in thickness as ovulation neared in the PGF 2a-induced estrous group
with a mean change of71.3 ± 24.6. This is a relatively small change in wall thickness
that is not necessarily discernible with the naked eye. As per the unmanipulated estrous
group, follicular pressure of the follicle wall fluctuated through the days prior to
ovulation. Follicular pressures of the dominant follicle decreased in a similar manner as
the mares in the unmanipulated estrous group. This change in follicular pressure occurred
despite lower peak levels of estradiol (Bragg et al., 2002) suggesting that high peak levels
of estradiol are not necessary for the decrease in follicular pressure.
Mares which were induced to come into estrus with the administration ofPGF2a on
day 6 post-ovulation and then treated with hCG to induce ovulation had a shortened
duration of estrus. The mean duration of estrus was 2.0 ± 0.5 days compared to 6.0 ± 0.5
days in the two groups which did not receive hCG. Human chorionic gonadotrophin was
administered based on follicular size in group 3. Changes in endometrial edema, in terms
of mean endometrial NPV, for mares in this group were abbreviated when compared to
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the unmanipulated group. In group 3, mean endometrial NPV were lowest at 36 hrs prior
to ovulation, while endometrial edema had resolved by 12 hrs prior to ovulation, these
same time points were reached in the unmanipulated cycle at 96 hrs and 36 hrs
respectively. The dominant follicle had a mean rate of growth of 1. 7 ± 0.1 mm/day until
a mean periovulatory diameter of39.2 ± 1.3 mm was achieved. Follicular growth rates
during the last 24 hours were suppressed similar to the other groups. Follicular wall
echotexture, in group 3, gradually increased over time prior to ovulation with a mean
daily rate of change of 11.7 ± 5.3 pixels. The physiologic changes that result in this
increase in mean follicular wall NPV have not been identified. Prior to ovulation there
is a change in the granulosa cell layer and some authors report an increase in the
production of a mucus secretion (Kerban eta!., 1999). Changes in follicular wall tissue
elements and ultrasonographic tissue interfaces, may result in an increase in echogenicity.
Concurrent histologic studies of follicles and their ultrasound attributes may help
elucidate the basis for these changes. The base of the follicular wall did not change in
thickness over time prior to ovulation, although the general trend for the wall at this point
was to increase as ovulation neared. Similar to the other groups, follicular pressures
fluctuated through the days prior to ovulation and decreased between the 24 to 12 hr
interval prior to ovulation.
Mares in the last group were treated with PGF2a to shorten the inter-:estrous interval,
and were induced to ovulate by the administration ofhCG. The administration ofhCG
was based on the attainment of grade II endometrial edema. Mean endometrial NPV for
this group were abbreviated when compared to the unmanipulated estrous group and

97

resembled the pattern of endometrial edema in the group 3 mares (hCG was administered
based on the dominant follicle attaining a diameter of35 mm). The peak of endometrial
edema occurred slightly later in group 4 (24 hrs) when compared with group 3 (36 hrs),
although a return of mean endometrial to the values obtained in diestrus was obtained at
the same time prior to ovulation in groups 3 and 4 (12 hrs). The dominant follicle grew
at 4.0 ± 0.1 mm/day until a mean periovulatory diameter of 43.0 ± 2.5 mm was reached.
Follicular growth rates during the last 24 hrs were suppressed as in the other groups. The
echotexture of the follicular wall progressively increased over the time prior to ovulation
with an average daily change of 10.7 ± 4.3 pixels. The increase in mean follicular wall
NPV was present in groups 2 to 4. The common treatment in these groups is
prostaglandin. It is possible that the combination of prostaglandin and hCG may have the
same effect on the follicular wall echotexture as prostaglandin alone, but hCG does not
appear to enhance this process in follicles that are small at the time of treatment. The
follicular wall at the base did not thicken, although similar to group 3, there was a trend
toward increasing values. Follicular pressures fluctuated through the days prior to
ovulation, with a decrease within the last 24 hrs prior to ovulation. While we did not do
statistical comparisons between groups, we observed that the pressure measurements of
the dominant follicle were higher in the days prior to ovulation than for the mares in the
groups 1, 2, and 3. The higher pressures were associated with follicles with a smaller
diameter, which on palpation were more turgid.
It is likely that some of the above discussed morphological changes visible using

ultrasonography are related to the histologic attributes ofthe preovulatory follicle (Grimes
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et al., 1987; Tetzke eta!., 1987). As a better understanding of the uterine and ovarian
changes leading up to ovulation in the mare is achieved, more reliable methods to predict
and manipulate follicular maturation will be developed (Tom et al., 1998, Singh eta!.,
1997, and, Townson and Ginther, 1989).
Both computer-assisted image analysis and transrectal tonometry can be included
as improvements as future developments in diagnostic ultrasonographic equipment. If a
transrectal tonometer were incorporated into the scan head of an ultrasound probe,
follicular wall deflection could be investigated in conjunction with follicular pressure.
It is hypothesized that deflection of the follicular wall will increase as follicular pressure

decreases. Evaluating follicular pressure and wall deflection concurrently may improve
the accuracy and usefulness of the tonometry technique by improving the precision of the
placement of the tonometry sensor. Coupling real-time ultrasonography with tonometry
would let the examiner visualize the follicular wall during wall deflection which may also
prove to be a sensitive indicator of follicular softening. The combined measurement of
follicular pressure and follicular wall deflection may prove to be a superior method to
quantify follicular softening, rather than using either tonometry or deflection alone.
Further investigation of these techniques is required.
It is reasonable to assume that tonometry may have useful applications in other

areas of veterinary medicine. Adaptation of the tonometry device to other applications
such as in the assessment of uterine tone in healthy mares and those susceptible to
endometritis or other allied equine health areas where pressures are determined, such as
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the monitoring or determination of joint effusion or pressure may provide new insight
into our understanding of these pathological processes.
Any pursuit of scientific inquiry usually generates more questions than answers and
the current studies do suggest the need for further investigation. Future studies need to
be directed at simultaneously evaluating the ultrasonographic characteristics, follicular
histologic attributes and the expression of steriodogenic enzymes in the theca and
granulosa cell layers in spontaneously ovulating and hCG treated mares.

This is

particularly important in mares treated with hCG since hCG alters the physiology of the
follicular wall. Kerban et al., (1999) reported that following hCG treatment, cellular
proliferation was minimal in the granulosa cell layer and that the main changes were
associated with follicular maturation. Specifically, as a result ofhCG administration, the
following changes occur: an expansion of the granulosa cell layers, deposition of a mucus
substance along the luminal wall, degeneration of the theca intema, and hemorrhage and
edema in the theca layer prior to ovulation (Kerban et al., 1999).
Complementary studies of subordinate follicles, uterine endometrial echotexture,
and CL echotexture throughout the entire interovulatory interval may allow for an
increased understanding of the physiologic processes ameliorating the need for serial
ultrasonography during the management of the estrous cycle. Additional characteristics
such as follicular fluid echotexture, extent and presence of an anechoic layer, the
identification of the cumulus oophorus, and steroidogenesis of the dominant and
subordinate follicles should be evaluated as indicators of follicular maturation.
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In the future, digital and computer technology is certain to open scientific
possibilities beyond which we have yet to conceive. Early investigations, such as those
presented in this thesis are the stepping stones toward a future where the use of
ultrasonographic information is fully maximized. Advances in computer technology and
the advent of digital ultrasonographic machines will increase the ease of image analysis
in the future. Computer-assisted image analysis will allow for the evaluation of subtle
fine changes in detail, not detectable by the human eye. The ability to assign a grey scale
of 256 shades, will minimize inconsistencies among operators and potentially minimize
subjective bias. Additionally, it is possible that transrectal tonometry will replace
subjective assessment of periovulatory follicular softening by rectal palpation. The
relationship between the physiologic, ultrasonographic and tonometric attributes requires
further investigation.
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APPENDIX A
The tables below list the results of 2 trials using the tonometry device. The flow rate of
nitrous gas was 500 ml/ min. The trials were performed by placing the tonometer on an
inflated balloon and obtaining a LCD reading. The reading reflected the resistance to
movement of the tonometry piston. The balloon was then progressively inflated and
deflated while connected to a manometer. The manometer was used to measure the
pressure in the balloon in terms of inches of water. The PSI to achieve the same
manometer pressure reading was determined and the LCD readout on the specimen was
then related to the PSI.
Trial 1: Tonometer Calbration at a nitrous gas flow rate of 500 ml /min
Pressure inches of water

PSI during Inflation

0
1.8
3.4
5.0
8.0
9.7
12.0
14.1
17.0
19.0

0.07
0.27
0.85
0.87
0.67
0.68
1.17
1.50
1.80
2.20

PSI during Deflation

Pressure inches of water

13.79
11.72
8.96
5.79
5.31
5.44
1.86
0.41

2.0
1.7
1.3
0.84
0.77
0.79
0.27
0.06
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Trial 2: Tonometer calibration at a nitrous gas flow rate of 500 ml/min
PSI during Inflation

Pressure inches of water

0.16
0.90
0.69
0.95
1.38
1.40
1.80
2.20

1.4
3.4
7.3
10.2
13.1
14.8
16.3
17.9

PSI during Deflation

Pressure inches of water
1.75
1.40
1.10
0.81
0.81
0.79
0.23
0.07

12.07
9.65
7.58
5.58
5.58
5.44
1.59
0.48
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