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Several structural and functional features keep bull testes 2°C to 6°C below body temperature, essential for the production of
morphologically normal, motile and fertile sperm. The testicular vascular cone (TVC), located above the testis, consists of a highly
coiled testicular artery surrounded by a complex network of small veins (pampiniform plexus). The TVC functions as a counter-
current heat exchanger to transfer heat from the testicular artery to the testicular vein, cooling blood before it enters the testis.
Bulls with increased TVC diameter or decreased distance between arterial and venous blood, have a greater percentage of
morphologically normal sperm. Both the scrotum and testes are warmest at the origin of their blood supply (top of scrotum and
bottom of testis), but they are cooler distal to that point. In situ, these opposing temperature gradients result in a nearly uniform
testicular temperature (top to bottom), cooler than body temperature. The major source of testicular heat is blood flow, not
testicular metabolism. High ambient temperatures have less deleterious effects on spermatogenesis in Bos indicus v. Bos taurus
bulls; differences in TVC morphology in B. indicus bulls confer a better testicular blood supply and promote heat transfer. There is a
long-standing paradigm that testes operate on the brink of hypoxia, increased testicular temperature does not increase blood flow,
and the resulting hypoxia reduces morphologically normal and motile sperm following testicular hyperthermia. However, in recent
studies in rams, either systemic hypoxia or increased testicular temperature increased testicular blood flow and there were
sufficient increases in oxygen uptake to prevent tissue hypoxia. Therefore, effects of increased testicular temperature were
attributed to testicular temperature per se and not to secondary hypoxia. There are many causes of increased testicular
temperature, including high ambient temperatures, fever, increased recumbency, high-energy diets, or experimental insulation of
the scrotum or the scrotal neck. It is well known that increased testicular temperatures have adverse effects on spermatogenesis.
Heat affects all germ cells and all stages of spermatogenesis, with substantial increases in temperature and/or extended intervals of
increased testicular temperature having the most profound effects. Increased testicular temperature has adverse effects on
percentages of motile, live and morphologically normal sperm. In particular, increased testicular temperature increases the
percentage of sperm with abnormal morphology, particularly head defects. Despite differences among bulls in the kind and
percentage of abnormal sperm, the interval from increased testicular temperature to the emergence of specific sperm defects is
consistent and predictable. Scrotal surface temperatures and structural characteristics of the testis and TVC can be assessed with IR
thermography and ultrasonography, respectively.
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Implications

The testicular vascular cone (TVC) is comprised of the highly
coiled testicular artery surrounded by the venous pampini-
form plexus. The TVC, located at the top of the testis, oper-
ates as a counter-current heat exchanger, cooling arterial
blood before it enters the testis. This role is critical, as blood
flow is the primary source of heat within the testis and

increased testicular temperature reduces the percentage of
morphologically normal, motile and fertile sperm. Bulls with
a TVC that facilitated heat transfer had better quality sperm
and were more resistant to increased ambient temperatures.

Introduction

Bull testes must be maintained 2°C to 6°C lower than body
temperature for production of fertile sperm (Waites, 1970).
Several mechanisms contribute to testicular cooling, with† E-mail: jpkastel@ucalgary.ca
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substantial contributions by a specialized vascular structure,
the TVC (Cook et al., 1994). This structure, located above the
testis, consists of a highly coiled testicular artery surrounded
by a network of small veins (pampiniform plexus) (Hees
et al., 1984). The TVC functions as a counter-current heat
exchanger to transfer heat from the testicular artery to the
testicular vein, thereby cooling the blood before it enters the
testis (Sealfon and Zorgniotti, 1991). The counter-current
heat transfer system in the TVC is similar to that present
in the extremities, for example the hands, which reduces
heat loss in cold environments (Mitchel and Myers, 1968).
To prevent heat loss in extremities, heat is transferred from
arteries to veins, thereby preserving core-body temperature.
By analogy, in the TVC, heat is transferred from the testicular
artery to the testicular venous system, keeping the testes and
scrotum cooler than the abdomen (Setchell, 1978). However,
if the function of the TVC is impaired, the counter-current
heat exchange system is disturbed and spermatogenesis
is impaired (Gunn and Gould, 1975).

Anatomy of the testicular vascular cone

The TVC has a unique structure. It begins in the neck of the
scrotum, ventral to the superficial inguinal ring and ends at
the dorsal pole of the testis, just before the testicular artery
enters the testis (Kirby, 1953; Hees et al., 1990). The TVC is
cone-shaped, 10 to 15 cm long, with a maximum diameter of
5 to 6 cm. Veins anastomose to form a complex pampiniform
plexus network around the highly coiled testicular artery,
with the coils becoming more elaborate as the artery gets
closer to the testis. However, loops usually remain in the
same plane and do not form large retrograde coils.
The testicular artery has several structural features, including

permanent constrictions of the lumen and sharp bends that
may serve to reduce both blood flow velocity and pulse (Free,
1977). The total length of the testicular artery is ~1.5 to 4.5m
(Hees et al., 1984). The diameter of the lumen of the testicular
artery was approximately consistent throughout the TVC (1.6 to
2.2mm). However, the thickness of the arterial wall decreased
from 300 to 225 to 110µm at the dorsal, middle and ventral
aspects, respectively, of the TVC. Furthermore, at these loca-
tions, there were ~45, 35 and 25 layers of smooth muscle cells
in the wall of the testicular artery (Hees et al., 1984). Decreasing
thickness of the arterial wall may have an elastic effect and
reduce pulsatility. Space among coils of the testicular artery is
filled with a sponge-like mass (Harrison, 1949), with the artery
surrounded by the pampiniform plexus, except at the periphery
of the TVC. The thickness of the perivascular connective tissue
space between veins was ~120 µm in the proximal TVC, but
decreased to only 50µm in the distal portion (Hees et al., 1984).
Presumably, decreases in arterial wall thickness and arterial–
venous distance from the top to the bottom of the TVC increase
efficiency of heat transfer from the testicular artery to the
venous system, thereby resulting in more profound cooling of
blood before it enters the testis.
The TVC has three interconnected systems, each with a

distinct distribution and luminal diameter (Hees et al., 1984).

The first has large veins (wall thickness, 20 to 30 µm) that are
oriented parallel to one another and surround the testicular
artery. The second system is an intermediate network (luminal
diameter, 40 to 70µm) of veins that is well developed and in
close apposition with the testicular artery (Hees et al., 1984).
The third system, with the smallest vessels, is comprised of
venules and venous capillaries that drain into either inter-
mediate or large veins. In this third system, most vessels run
parallel to each other and surround the testicular artery in
transverse, diagonal or longitudinal directions. The testicular
artery is generally not completely surrounded by the venous
system and the latter does not have a uniform distribution.
Although the large veins of the first system and the inter-
mediate venules of the second system have constrictions and
pouches, none of the three venous systems comprising the
pampiniform plexus have valves, so blood flow is relatively
constant, with minimal delays (Hees et al., 1984).
In the bull, there are only a few small branches from the

testicular artery that serve the capillary network of the
spermatic cord and the epididymis (Hees et al., 1984).
Occasionally, there are arteries that bypass the epididymis
and enter the body of the testis, although their importance
is unknown (Kirby, 1953). In the testis and adnexia, total
arterial volume was similar to total venous volume (Chubb
and Desjardins, 1982). The existence and importance of
arteriovenous anastomoses in the vascular supply of the
testis in bulls are not clear. These junctions were prominent
in histological sections (Hees et al., 1984), but not apparent
when imaging was done with scanning electron microscopy
(Hees et al., 1984). In a more recent study of the TVC in
Bos taurus bulls (Polguj et al., 2011), there were several
vascular anastomoses amongst venous vessels. In vascular
casts, the testicular artery had a mean ± SD diameter of
2.01 ± 0.35mm, whereas venous-venous anastomoses were
0.07 ± 0.05mm in diameter. There were also several indirect
connections between testicular artery and veins, with some
connections towards the arterial lumen and some to the vein
in the pampiniform plexus. However, no direct connections
between a testicular artery and veins from the plexus were
observed. The authors concluded that in theory, the anasto-
mosed regions do not support blood return to the testes.
Furthermore, they stated that the major function of the
anastomoses was related to effects on blood supply and
reduction of arterial pressure before reaching the testes.
Similar observations have been made in other mammals,
indicating structures with parallel evolution and function.

Development of the testicular vascular cone

In a study characterizing the development of the TVC, beef bulls
(n=70) were examined from 10 to 70 weeks of age, whereas
the third group of bulls (n=44) was examined only at 74 weeks
of age (Brito et al., 2012). Testicular vascular cone diameter
increased until ~13.5 months of age, which was 1 to 8 weeks
before they achieved maximum scrotal circumference. Vascular
cone fat thickness also increased with age (from ~2 to 6mm)
and followed a pattern of increase similar to that for backfat
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(from~2.5 to 5mm). Testicular artery wall thickness and distance
from arterial to venous blood in the vascular cone decreased with
proximity to the testis (from ~320 to 290µm and from 775 to
660µm, respectively). Vascular cone diameter was negatively
correlated with scrotal surface temperatures (r= −0.53) and
with the percentage of sperm head defects (r= −0.49) and
detached sperm heads (r= −0.40), but was positively correlated
with the percentage of normal sperm (r=0.45). The arterial–
venous blood distance was negatively correlated with the per-
centage of normal sperm (r= −0.40) and positively correlated
with the percentage of sperm head defects (r=0.38) and prox-
imal droplets (r=0.42). In that study, TVC diameter increased
with age following testicular development, whereas vascular
cone fat thickness increased with a pattern similar to the accu-
mulation of backfat. In addition, bulls with increased TVC dia-
meter or decreased distance between arterial and venous blood,
both of which were expected to increase the efficiency of testi-
cular cooling, were associated with a greater percentage of
morphologically normal sperm and corresponding decreases in
percentages of defective sperm.

Role of the vasculature and the scrotum and testes in
thermoregulation

The role of blood vessels and their association with tempera-
tures of the scrotum and testes have been reported. Tempera-
ture gradients (dorsal minus ventral temperature) were 1.6°C,
0.4°C and −0.2°C on the scrotal surface, scrotal subcutaneous
tissues and within the testes, respectively (Kastelic et al., 1995).
Therefore, on the scrotal surface, the temperature was highest
at the top, whereas within the testes, the temperature was
slightly warmest at the bottom. It was concluded that these
temperature gradients were related to blood vessels. In that
regard, presumably the arterial blood supply to the scrotum is
from top to bottom, whereas the testis is the opposite, as the
testicular artery passes under the body of the epididymis, starts
at the bottom of the testes, and then forms several branches
that extend dorsally before entering the testis (Kastelic et al.,
1996a and 1997b). Therefore, vascularization of the testes is
from the bottom to the top, opposite to that of the scrotum.
Furthermore, blood in the testicular artery was presumably
cooled going through the TVC, was similar at the bottom of
the cone (top of testis) as it was on the ventral pole of the testis,
but then it was cooler where the artery entered the testis
(temperatures of 34.3± 0.8°C, 33.4±0.6°C, 31.7± 0.6°C,
respectively). Therefore, arterial blood was cooled in the TVC
and then remained approximately the same temperature
between the bottom of the TVC (i.e. top of testis) and bottom of
the testis, but subsequently cooled before its entry into the
testicular parenchyma. Therefore, both the scrotum and the
testis were warmest at the origin of their blood supply (namely,
top of scrotum and bottom of the testis, respectively), but they
get cooler distal to that point (Kastelic et al., 1996a and 1997b).
Remarkably, in situ, these opposing temperature gradients
collectively result in a nearly uniform testicular temperature
(top to bottom), which is a few degrees cooler than body
temperature.

Another study (Kastelic et al., 1997a) was performed to
elucidate contributions of the scrotum, testes and testicular
artery to scrotal/testicular thermoregulation, at two ambient
temperatures (15°C and 25°C), with the higher temperature
created by heating the room. Full-length vertical incisions were
made on both sides of the scrotum, the testes were drawn out of
the scrotum, and one testis was randomly chosen to be placed
back in the scrotum, and retained there by clamping the scrotal
skin closed (effectively eliminating the scrotal incision). At 15°C
and 25°C, temperature gradients (top temperature minus
bottom temperatures, in °C) were: scrotal surface with a testis
(1.5 and 1.3); scrotal surface without a testis (2.1 and 1.6);
surface of exposed testis (−0.6 and 0.0); subtunic of exposed
testis (−2.2 and −0.6); core of covered testis (0.0 and 0.4); and
core of exposed testis (−1.3 and 0.4). Furthermore, intraepidi-
dymal temperatures were always warmer in the caput and cor-
pus compared with the cauda in the covered testes at 15°C
(34.8±0.5°C, 35.1±0.4°C and 32.1±0.6°C, respectively,
P<0.01) and at 25°C (36.4±0.4°C, 36.2±0.4°C and
34.2±0.5°C, P< 0.05). The same pattern was observed for
the exposed testes at 15°C (29.8±0.7°C, 29.9±0.7°C and
26.4±0.6°C) and 25°C (32.2±0.6°C, 31.9±0.7°C and
29.6±0.6°C). These findings supported the assertion that the
scrotum and testes were warmest at the origin of their blood
supply and cooler distally.

Sources of testicular heat

Testicular blood flow and oxygen uptake of were determined
in eight Angus bulls (Barros et al., 1999). On average,
12.4ml of blood per minute passed through the testicular
artery. However, this may have been a low estimate, as the
magnetic flow meter used in this study necessitated some
compression of the artery. Blood in the testicular artery was
warmer than that in the testicular vein (39.2°C v. 36.9°C,
P< 0.001) and a greater proportion of hemoglobin saturated
with oxygen (95.3% v. 42.0% P< 0.001). Using flow data
and the arterial–venous differential in hemogblobin satura-
tion, we estimated testicular oxygen uptake (1.2ml/min) and
heat production by metabolism (5.8 calories of heat/min).
In contrast, based on blood flow and the arterial–venous
temperature differential, it was estimated that flow was
responsible for 28.3 calories/min. Therefore, we concluded
that blood flow, and not metabolism, was the primary source
of heat in testes (Barros et al., 1999).

Additional contributions to testicular cooling

Several features of the scrotum affect thermoregulation.
A pendulous scrotum allows greater exposure of the scrotal
neck to the environment, improving a bull’s ability to
regulate scrotal and testicular temperatures (Coulter, 1980).
The scrotum is able to change its size and surface texture,
thereby enhancing its temperature-regulating ability (Setchell,
1978). Several factors may promote heat loss from the
scrotum, including scrotal skin which is thin, nearly hairless
and has a high density of sweat glands (Waites, 1970).
Furthermore, the scrotal skin usually has only a thin layer of
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subcutaneous fat and blood vessels are close to the skin
surface; both of these features promote radiation of heat
from the blood to the environment (Dahl and Herrick, 1959).
The dartos muscle is closely adherent to the deep surface of
the scrotal skin and responds to changes in ambient tem-
perature by maintaining a scrotal position that preserves the
abdomino-testicular temperature gradient.

Scrotal/testicular thermoregulation in Bos taurus, Bos
indicus and crossbred bulls

Mechanisms of testicular thermoregulation, the relationship of
scrotal, TVC, and testicular morphology with thermoregulatory
capability, and their effects on semen quality and sperm pro-
duction were studied in 20 Bos indicus, 28 crossbred and 26
Bos taurus bulls (Brito et al., 2004). The ratio of testicular artery
length and volume to testicular volume were larger (P< 0.05)
in B. indicus and crossbred bulls than in B. taurus bulls (1.03
and 0.94 cm/cm3 v. 0.48 cm/cm3; 0.034 and 0.047ml/cm3 v.
0.017ml/cm3, respectively). Testicular artery wall thickness
(average 192.5, 229.0 and 290.0µm, respectively) and arter-
ial–venous blood distance in the TVC (average 330.5, 373.7
and 609.4µm, respectively) were smallest in B. indicus, inter-
mediate in crossbred, and greatest in B. taurus bulls (P< 0.05).
Furthermore, the proximity between arterial and venous blood
was consistent with decreases in arterial blood temperature
after passage through the TVC (5.9°C, 5.0°C and 2.9°C, in
B. indicus, crossbred, and B. taurus bulls, respectively). In
crossbred and B. taurus bulls, there was a positive top-to-
bottom scrotal temperature gradient and a negative testicular
subtunic temperature gradient. However, in B. indicus bulls,
both scrotal and testicular subtunic temperatures gradients
were positive. Differences in vascular arrangements, char-
acteristics of the artery (e.g. wall thickness) or thickness of the
tunica albuginea may have affected testicular arterial blood
and subtunic temperatures in B. indicus bulls. The better
testicular thermoregulatory capability was associated with
increases in pendulosity, testicular artery length and volume,
and top-to-bottom gradient of the distance between the artery
wall and the veins in the TVC. Increased semen quality was
associated with increased testicular volume and scrotal sub-
cutaneous temperature gradient, and with decreased scrotal
surface and testicular temperatures. Increased sperm produc-
tion was associated with increased testicular artery volume,
testicular volume, and scrotal subcutaneous temperature
gradient, and with decreased testicular artery wall thickness,
scrotal circumference, and scrotal surface, testicular subtunic
and epididymal temperatures. The authors concluded that
morphology of the TVCmay contribute to the greater resistance
of B. indicus bulls to high ambient temperatures by conferring a
better testicular blood supply and by facilitating heat transfer
between the testicular artery and veins. Testicular thermo-
regulation was associated with opposing scrotal and testicular
subtunic temperatures gradients only in crossbred and
B. taurus bulls. Scrotal, TVC, and testicular morphology influ-
enced testicular thermoregulatory capability and were asso-
ciated with differences in semen quality and sperm production.

Pathogenesis of heat-induced changes in sperm
morphology

Increased testicular temperature increases metabolism, with
a concurrent need for more oxygen; however, blood flow
apparently does not significantly increase. As the testis
operates on the brink of hypoxia (inadequate oxygenation)
when testicular temperature is in the normal range, there is a
long-standing assertion that increased testicular temperature
increased oxygen demand but blood flow does not increase
and consequently, hypoxia is the primary mechanism of
disrupted spermatogenesis following increased testicular
temperature (Waites and Setchell, 1964). However, this had
apparently never been rigorously tested until our group
conducted two studies (both were 2× 3 factorials) to test the
following two hypotheses: (1) hypoxia disrupts sperm quality
and production; and (2) hyperoxia prevents hyperthermia-
induced reductions in sperm quality and production.
It was reported that mice breathing 12.5%, 15.0%, 21.0%

and 100% oxygen had testicular oxygen concentrations of 16,
24, 36 and 102μmol/l (Baker and Lindop, 1970). Rats breathing
100% oxygen had doubled testicular oxygen saturation com-
pared with those breathing 21% oxygen (Kram et al., 1989),
whereas 16.0% and 10.8% oxygen constituted mild and frank
hypoxia, respectively (Chen et al., 2007). In one study (Kastelic
et al., 2017), we exposed 18 Canadian Arcott rams (nine had an
insulated scrotum), to air containing 14%, 21% or 85% oxygen
for ~30 h. In that study, scrotal insulation (to increase testicular
temperature) substantially reduced sperm motility (from
58±7% to a minimum of 30±10%; mean± SD) and propor-
tion of morphologically normal sperm (from 87±1% to a
minimum 30±4%), but effects due to oxygen were minimal.
In the second study (Kastelic et al., 2008), 96 male CD-1 mice
were maintained at 20°C v. 36°C, exposed to 13%, 21% or
95% oxygen twice for 12-h intervals (separated by 12 h at room
temperature and 21% oxygen) and euthanized 14 or 20 days
after exposure.
There were primarily main effects of temperature; mice

exposed to 36°C had significant reductions in several end
points compared with mice exposed to 20°C (Table 1).
In both studies, our hypotheses were not supported; sperm

quality and production were not consistently disrupted by

Table 1 Differences in various end points between mice exposed to
ambient temperatures of 20°C v. 36°C (Kastelic et al., 2008)

Ambient temperatures

End points 20°C 36°C Probability

Testis weight (mg) 110.4 ± 14.3 101.3 ± 17.6 <0.06
Daily sperm production
(sperm/g, ×106)

19.6 ± 3.7 16.5 ± 6.1 <0.03

Progressively motile sperm (%) 26.5 ± 12.1 13.8 ± 9.8 <0.001
Normal sperm (%) 77.6 ± 7.9 61.3 ± 5.8 <0.0001
Defective heads (%) 5.2 ± 3.2 17.1 ± 11.8 <0.0001
Total altered spermatids 56.3 ± 38.2 106.7 ± 95.3 <0.05
Total altered germ cells 78.4 ± 49.2 125.7 ± 103.4 <0.05
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hypoxia, and hyperoxia did not protect against hyperthermia
in mice. Therefore, in two species, our preliminary data
challenged the long-standing dogma that hypoxia is the
underlying cause of disrupted spermatogenesis after
increased testicular temperature.
In the two studies described above, oxygen delivery to

testes was inferred (based on rodent data), but not mea-
sured. As a follow-up, we recently conducted two studies in
rams to determine the effects of hypoxia and testicular
hyperthermia, on testicular blood flow and oxygen delivery
to the testis and its uptake (unpublished). The objective of
the first study was to determine how variations in inspired
oxygen concentration affected testicular blood flow, oxygen
delivery and extraction, testicular temperature and evidence
of hypoxia. Eight rams were maintained under general
anesthesia and exposed to successive decreases in oxygen
concentration in inspired air (100%, 21% and 13%; once
each concentration was achieved, after allowing 20min for
acclimation, it was sustained for 45min, with assessment
after 30min). As oxygen concentration decreased (100%
to 13%), testicular blood flow increased (9.6 ± 1.7 v.
12.9 ± 1.9ml/min/100 g of testis, P< 0.05; mean ± SEM).
Conductance (normalized flow) increased from 0.46 ± 0.07
to 1.28 ± 0.19ml/min/mm Hg/100 g testis (P< 0.05).
Increased testicular blood flow maintained oxygen delivery
and increased testicular temperature by ~1°C; this increase
in temperature was correlated with increased testicular
blood flow (r= 0.35, P< 0.0001). Furthermore, oxygen
utilization increased concomitantly and there were no
significant differences among groups in blood pH, HCO3− or
base excess, and no effects of venous-arterial differences in
lactate production. We concluded that, under acute hypoxic
conditions, the testis maintained oxygen delivery and uptake
by increasing blood flow and oxygen extraction, with no
indication of anaerobic metabolism.
The objective of the second experiment was to determine

effects of increasing testicular hyperthermia on testicular
blood flow, oxygen delivery and uptake, and evidence of
hypoxia. Under general anesthesia, testicular temperatures
of nine crossbred rams were sequentially maintained at 32°C
to 34°C, 37°C and 40°C (45min at each temperature). As
testicular temperature increased from 32°C to 34°C to 40°C,
there were increases in mean ± SEM testicular blood flow
(9.8 ± 2.1 v. 12.2 ± 2.2ml/min per 100 g of testes; P< 0.05),
oxygen extraction (31.2 ± 5.0% v. 47.3 ± 3.1%; P< 0.0001)
and oxygen use (0.35 ± 0.04 v. 0.64 ± 0.06ml/min per 100 g
of testes; P< 0.0001). However, there was no evidence of
anaerobic metabolism, based on a lack of change (P> 0.05)
in lactate, pH, HCO3− , and base excess.
The second experiment, as described above, was appar-

ently the first to detect increased testicular blood flow in
rams with an intact scrotum. Although in a classic study
(Waites and Setchell, 1964) there was no increase in blood
flow when testis temperature was increased, it was note-
worthy that limited numbers of rams were used and the
methodology to measure blood flow was probably not as
reliable as the ultrasonic flow probes used in our study.

In another study in rams (Mieusset et al., 1992), there was
increased blood flow in response to increasing testis
temperature. However, in that study, the testis was outside
of the scrotum (exposed), and as a consequence, it was
concluded that, in the absence of the scrotum, the findings
did not refute the long-standing notion that testicular blood
flow failed to increase in response to increasing testicular
temperatures. Interestingly, in one of our previous studies in
bulls (unpublished), as the ambient temperature increased
from 5°C to 35°C, testicular blood flow almost doubled (2.45
v. 4.22ml/100 g testis per min, P< 0.05).
In our recent ram study, increasing blood flow was a pri-

mary factor underlying the response to increasing testicular
temperature, with a 48% increase in conductance (blood
flow normalized by arterial pressure). In addition, there was
a 52% increase in oxygen extraction at 40°C v. 32°C to 34°C.
However, there were no apparent effects on aerobic meta-
bolism, based on no significant changes in lactate, pH,
HCO3− , and base excess. Therefore, these data challenged
the classical paradigm regarding scrotal/testicular thermo-
regulation, as acute testicular hyperthermia caused increases
in blood flow and delivery and uptake of O2, with no indi-
cations of hypoxia. Furthermore, these data were entirely
consistent with our previous studies in rams (Kastelic et al.,
2017) and mice (Kastelic et al., 2008) that the effects
of increased testicular temperature were due to testicular
temperature per se and not due to secondary hypoxia.

Effects of increased temperature on testicular cells

Increased temperature affects all cell types in the testes,
although germ cells are more sensitive than either Sertoli or
Leydig cells (Waites and Setchell, 1990). Damage is propor-
tional to the extent of testicular warming and the duration
(Waites and Setchell, 1990). Increased temperatures can
cause the death of spermatocytes in meiotic prophase;
however, sperm that has a greater degree of differentiation
may have altered structure or function (Setchell et al., 1971).
Increased testicular temperature usually decreases pro-
gressive motility and live sperm, with more morphologically
abnormal sperm, especially head defects (Barth and Oko,
1989). Remarkably, specific defects appear in a predictable
sequence, although the percentage of affected sperm are
variable (Barth and Bowman, 1994). Following increased
testicular temperature induced by scrotal insulation, after 11
to 18 days, there were peaks in distal midpiece reflexes,
proximal and distal droplets and knobbed acrosomes. A few
days later (21 to 23 days), there were microcephalic and
teratoid sperm, nuclear vacuoles and pyriform heads, as well
as coiled tails (Barth and Bowman, 1994). Finally, abnormal
DNA peaked at ~30 days after insulation (Barth and Bowman,
1994). In the absence of an effect on spermatogonia, the
interval from the restoration of normal testicular temperature
to appear to normal ejaculated sperm in the ejaculate
corresponds to the interval from the beginning of
differentiation to ejaculation (Waites and Setchell, 1990).
Furthermore, although morphologically sperm may be
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present in the ejaculate, they may have reduced fertility and
higher rates of embryonic death (Burfening and Ulberg,
1968).

Summary of increased testicular temperature

When the testicular temperature is increased, sperm mor-
phology usually remains normal for a few days (as sperm
in the epididymis is minimally affected), followed by the
appearance of morphologically abnormal sperm (Barth and
Oko, 1989). In contrast, epididymal sperm was affected by
increased testicular temperatures in some studies (Kastelic
et al., 1996b), whereas in another study, sperm appeared
morphologically normal, but frozen-thawed sperm was
abnormal. Following increased testicular temperature, it
usually takes ~6 weeks for sperm morphology to be restored
(Vogler et al., 1991). If the testes become very warm and/or
remain warm for an extended interval, restoration of
morphologically normal sperm may be delayed. Overall, the
greater the extent of testicular warming and the longer the
duration, the greater the percentage of abnormal sperm and
the longer the interval before recovery.

Consequences of increased testicular temperature

Anything which increases testicular temperature, including
testicular inflammation, a fever (e.g. due to pneumonia), a
lame bull spending a lot of time lying down, or increased
environmental temperatures, will reduce percentages of
motile and of morphologically normal sperm, and with
severe heating, the number of sperm produced (Kastelic
et al., 1996b; Brito et al., 2004). If the increased temperature
is of short duration (e.g. 2 or 3 days), there is a consistent
interval from the insult to the appearance of specific defects
in the ejaculate (Barth and Bowman, 1994). Although the
timing is predictable, the extent to which a particular bull will
have a specific defect is highly variable (wide range in the
percentage of defective sperm). In general, the extent to
which sperm are affected is directly related to the degree and
duration of testicular heating. Therefore, a mild increase
in testicular temperature for 2 days could cause a mild
reduction in semen quality, with full recovery in 3 to 4 weeks,
whereas a prolonged and severe increase in testicular
temperature could result in poor quality sperm for several
months (Kastelic et al., 1997b). Occasionally, bulls are per-
manently affected, with the production of few or no normal,
viable sperm.

Increased ambient temperature

It is well established that increased ambient temperature
decreases semen quality. For example, only 12 h of 40°C air
temperatures and 35% to 45% relative humidity decreased
semen quality (Skinner and Louw, 1966). In addition, Bos
indicus bulls are more tolerant of heat Bos taurus bulls
(Skinner and Louw, 1966), due to physiological differences.
Reductions in semen quality were less dramatic and delayed,
with more rapid returns to normal, in crossbred bulls

(B. indicus× B. taurus) compared with B. taurus bulls
exposed to hot conditions (Johnston et al., 1963). Another
study compared B. indicus and B. taurus bulls over a 2-year
interval and noted decreases in sperm motility for B. indicus
in winter and for B. taurus in summer (Godfrey et al., 1990).
In one study (Rhynes and Ewing, 1973), plasma testos-

terone concentrations decreased after exposure to high
ambient temperatures (35°C), perhaps due to increased
temperatures increasing release of cortisol, which suppresses
LH and testosterone. Furthermore, although plasma testos-
terone concentrations returned to baseline concentrations
within ~2 weeks, sperm quality remained impaired (Rhynes
and Ewing, 1973), presumably due to the residual effects of
testicular hyperthermia. Effects of environmental tempera-
tures on sperm quality and sperm production were deter-
mined over a 1-year interval (Parkinson, 1987). In that study,
the percentage of morphologically normal sperm peaked at
the lowest temperature (~14.5°C), whereas maximal sperm
production occurred at an ambient temperature of 17°C
(Parkinson, 1987).

Scrotal insulation

A comparative study was conducted to determine effects of
scrotal insulation on sperm production, semen quality and
testicular echotexture in B. indicus and B. indicus× B. taurus
crossbred bulls (Brito et al., 2004). In Experiment 1, B. indicus
bulls (n= 12) were allocated to control and whole-scrotum
insulation groups, whereas in Experiment 2, crossbred bulls
(n= 21) were allocated into control, whole-scrotum and
scrotal-neck insulation groups. Insulation was applied for
4 days (start of insulation=Day 0) and semen collection and
testicular ultrasonographic examinations were performed
twice-weekly until Day 35. Sperm concentration and total
sperm output during the post-insulation period were greater
in control groups (overall sperm concentration averages of
~500 v. 300× 106 sperm/ml and ~300 v. 190× 106 sperm/ml;
total sperm output averages of 4.6 v. 2.9× 109 sperm/eja-
culate and 2.5 v. 1.6× 109 sperm/ejaculate, for Experiments
1 and 2, respectively), with significant differences only in B.
indicus bulls. Overall, sperm motility in scrotal-insulated B.
indicus bulls was lower (P< 0.05) than in the control group
(55% v. 69%). After whole-scrotum insulation in crossbred
bulls, sperm motility was lower (P< 0.05) than pre-insulation
levels (~70%) between Days 21 and 31 (~30%), and lower
than control levels on Day 24 (~55% v. 20%). The proportion
of normal sperm after whole-scrotum insulation was lower
than pre-insulation and control values from Day 11 to the
end of the experiment in B. indicus bulls (P< 0.05 from Days
14 to 21 and on Day 27, overall means of 90% and 90% v.
40% normal sperm in pre-insulation, control and insulated
bulls, respectively), and from Days 14 to 25 in crossbred bulls
(P< 0.05 on Days 14 and 18, overall means of 80% and 75%
v. 60% normal sperm in pre-insulation, control and whole-
scrotum insulation). Insulation of the scrotal neck in
crossbred bulls did not significantly affect semen quality.
There was considerable variation among bulls in the
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incidence of specific sperm defects. Timing of appearance of
sperm defects after insulation provided insights into patho-
genesis of specific abnormalities. Neither whole-scrotum nor
scrotal-neck insulation affected testicular echotexture in
either experiment. In conclusion, whole-scrotum insulation
decreased both sperm production and semen quality in B.
indicus and B. indicus× B. taurus bulls. However, those
changes were not associated with changes in testicular
echotexture (based on pixel analysis of ultrasonograms).

Insulation of the scrotal neck

As a model to mimic fat deposition in the neck of the scrotum
that is common in overconditioned bulls, scrotal necks of five
bulls were insulated for 7 days (Days 1 to 8) and semen
collected by electroejaculation approximately every 3 days
from Days 3 to 35 (Kastelic et al., 1996b). Sperm within the
epididymis or at the acrosome phase during insulation
appeared to be most affected. Insulated bulls had twice as
many sperm with midpiece defects and four times as many
with droplets on Day 5, fewer normal sperm and three times
as many with midpiece defects and droplets on Day 8, fewer
normal sperm on Days 15 and 18, and more sperm with head
defects on Days 18 and 21. Semen quality approached that in
control bulls by Day 35.
In a second experiment, the scrotal neck was insulated for

48 h. At 24 h after insulation, scrotal surface temperature
(SST) had decreased at the top of the testis but had increased
at the bottom of the testis, resulting in a significant reduction
in SST gradient. However, by 48 h, SST was not significantly
different from that before insulation. In contrast, scrotal
subcutaneous temperature increased 2.0°C, 1.5°C and 0.5°C
at the top, middle, and bottom of the testis, respectively, and
intratesticular temperature was increased 0.9°C at the corre-
sponding three locations within the testis 48 h after insulation
(compared with pre-insulation). Therefore, compensatory
mechanisms were apparently able to restore SST, but not
scrotal subcutaneous or intratesticular temperatures.

Infrared thermography

Infrared (IR) thermography is a non-invasive technology
to detect IR radiation (Kastelic et al., 1997b). For scrotal IR
thermography, the goal is to have the scrotum account for
the majority of the image. Therefore, depending on the field
of view of the lens, the IR thermography camera is held ~1m
behind a bull (Kastelic et al., 2017). There are some envir-
onmental considerations for conducting these examinations
(Kastelic et al., 1996c), including the absence of direct
sunlight and working in a moderate range of environmental
temperatures (ideally, ~10°C to 15°C). In a comprehensive
study (Kastelic et al., 1996c), it was reported that although
time of day did not affect scrotal surface temperature, bulls
should not be examined within several hours after feeding
and within 1 h after getting up. Furthermore, the scrotum
should be clean and dry, as debris can obscure the image and
moisture can cause artificial cooling.

Infrared thermography is a technique that can be used
to measure scrotal surface temperatures and thereby make
inferences regarding testicular temperature. Infrared ther-
mography cameras typically produce a color image, with
specific colors associated with a range in temperature.
Therefore, it is possible to immediately interpret the scrotal
surface temperature pattern. The area immediately above the
top of the testis is typically the warmest area of the scrotum,
as considerable heat is dissipated from the underlying, highly
coiled testicular artery. Bulls with an apparently normal
scrotal/testicular thermoregulation had left-to-right sym-
metry and temperatures that were 4°C to 6°C cooler at the
bottom compared with the top (Kastelic et al., 2012). In
contrast, less consistent temperature patterns, including
horizontal variation and large areas with high scrotal surface
temperature, were regarded as indications of aberrant thermo-
regulation involving either testes and/or epididymides.
Although most bulls with an abnormal thermogram will

have poor semen quality (Kastelic et al., 2012), there are
some bulls with bad semen quality that have an apparently
normal thermogram. Therefore, whereas IR thermography
can be used as an ancillary tool to assess bull breeding
soundness, it does not overcome the need to collect and
evaluate semen. In a study involving 1-y-old beef bulls used
for natural service (45-day breeding season with ~ 18 heifers
per bull), pregnancy rates (80 days after bull removal) were
similar (83% and 85%) for bulls with a normal or question-
able, scrotal surface temperature pattern, respectively.
However, bulls with an abnormal scrotal surface temperature
had lower fertility (68%, P< 0.01; Lunstra and Coulter,
1997). Despite these differences in fertility, all bulls were
deemed breeding sound on the basis of a standard evalua-
tion. These data highlighted the potential value of incor-
porating IR thermography into bull breeding soundness
examinations. Historically, IR thermography cameras were
expensive and at least some required liquid nitrogen.
However, advancements in electronics has resulted in sui-
table cameras that are portable, do not need liquid nitrogen
and are relatively modestly priced (~US$3000), making this a
cost-effective tool to provide unique and helpful information.

Ultrasonography

Diagnostic ultrasonography, typically using the same scanners
as those used for transectal imaging of the reproductive tract
of cows, has been used for examining the reproductive tract
of bulls (Coulter et al., 1988). The transducer generates high-
frequency sound waves (typically 5 to 7.5MHz), and then
receives the returning backscatter and echoes, which are
processed to produce a real-time image. Testicular ultra-
sonography had no effect on semen quality or sperm pro-
duction (Coulter et al., 1988). Ultrasonographic anatomy of
the bull testis has been described (Pechman and Eilts, 1987).
In addition, ultrasonography has also been used to deter-
mine the diameter and fat cover thickness of the TVC in bulls
(Cook et al. 1994; Brito et al. 2002), changes in the TVC in
association with increasing age in beef bulls (Cook et al., 1994;
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Brito et al., 2012), and to compare characteristics of the TVC
in B. taurus, B. indicus and crossbred bulls (Brito et al., 2004),
all of which have been described above.
Regarding ultrasonographic examination of bull testes, in

the authors’ experience, areas of testicular fibrosis, visible
ultrasonographically as irregular, intensely white areas in the
testis, are common, particularly in young bulls. In a com-
prehensive study of these lesions (Barth et al., 2008), they
appeared as early as 5 to 6 months, and in some bulls
increased up to 12 to 14 months. The severity of lesions
increased over time in some bulls. The cause of these lesions
is unknown, although they were associated with a respira-
tory virus (BRSV) outbreak in bulls in Argentina. Spermato-
genesis was apparently not affected; bulls with ~50% of
their testes affected still produced normal sperm. Ultra-
sonography has been used to examine bull testes, and
computerized image analysis has been done to assess the
image, with some associations between the ultrasono-
graphic image and semen quality. However, the findings
have never been used on another set of bulls, to determine
the real value of this approach. Therefore with current
approaches, ultrasonography as an adjunct to a standard
breeding soundness evaluation, has limited utility. However,
it could be useful for detecting specific abnormalities of
the testes (e.g. local or generalized swelling of the testis).
Perhaps future advances in computerized image analysis,
or perhaps utilization of Doppler-based ultrasonography
(to assess blood flow), will expand the use of ultrasongraphy
for breeding soundness evaluation in bulls.

Effects of diets on scrotal and testicular temperatures

In a series of studies (Brito, 2006), bull calves were fed diets
that supplied ~70%, 100% and 130% of their requirements
for both energy and protein (all bulls had ample vitamins and
minerals). In bulls fed these low-, medium- or high-nutrition
diets from 26 to 70 weeks of age, there were no significant
differences among diets for top or bottom SST. However, as
expected, top SST was higher than bottom SST (overall
means ~34°C and 32°C, respectively, P< 0.0001). When
similar diets were fed to bulls from 0 to 70 weeks of age,
bulls fed a low diet had lower SST temperature than those
fed a high diet (~31°C v. 32.5°C for top SST and ~27°C v.
29°C for bottom SST). Importantly, observed overall tem-
perature at the top was higher than at the bottom for all
groups (overall mean ~ 32°C v. 28°C). In another experi-
ment, bulls were fed either a low- or medium-diet from 10 to
26 weeks and then fed either a medium- or high-diet from
27 to 70 weeks. For the two feeding periods, bulls were fed
low/medium, low/high, or medium/medium diets. Bulls fed a
low/high diet had a lower SST than the low/high group at the
top (~32°C v. 34°C) and the bottom (~28.5°C v. 30°C).
Furthermore, in all groups, the temperature at the top was
higher than at the bottom (overall mean ~33°C v. 39°C).
Many studies have been conducted on the effects of

post-weaning nutrition in beef bulls. In one experiment,
replicated over 2 years, 72 Angus, Angus× Simmental, or

Hereford× Simmental bulls were fed either a moderate-energy
(100% forage) or high-energy (80% grain, 20% forage) diet for
168 days after weaning. Bulls fed the high-energy diet were
heavier (P< 0.0001; diet by time interaction), had thicker
backfat (P< 0.05; diet by-line by time interaction), and had a
larger scrotal circumference (P< 0.05; Coulter et al., 1997).
There was no significant effect of diet on top, bottom,
or average SST. However, bulls fed the moderate-energy
diet had a larger (P<0.02) SST gradient (3.9°C v. 3.4°C).
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