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Abstract 

Background  Comparatively little is known regarding the initial cardiorespiratory response of young racehorses 
to training. The objectives were to compare physiological parameters before and after introductory training 
and determine whether young Thoroughbreds show endoscopic signs of exercise-induced pulmonary hemorrhage 
(EIPH). Ten Thoroughbreds (20–23 months) underwent 12-weeks of introductory training, including weekly speed 
sessions. Two 600 m high-speed exercise tests (HSET) were performed following weeks 4 and 12 while wearing 
a validated ergospirometry facemask. Peak oxygen consumption (V̇O2pk) and ventilatory parameters (tidal volume, VT; 
peak inspiratory and expiratory flow, PkVİ, PkVĖ; respiratory frequency, Rf; minute ventilation, V̇E) were measured. The 
ventilatory equivalent of oxygen (V̇E/V̇O2) and the aerobic and anaerobic contributions to energy production were 
calculated. Maximal heart rate (HRmax) and HR at maximal speed (HRVmax) were determined. Post-exercise hematocrit, 
plasma ammonia and blood lactate were measured. Evidence of EIPH was investigated via tracheobronchoscopy 
post-exercise. Results were compared (paired t-test, P < 0.05).

Results  Horses were faster following training (P < 0.001) and V̇O2pk increased 28 ml/(kg total mass.min) (28 ± 16%; 
P < 0.001). Ventilatory (V̇E, P = 0.0015; Rf, P < 0.001; PkVİ, P < 0.001; PkV̇E, P < 0.001) and cardiovascular parameters (HRmax, 
P = 0.03; HRVmax, P = 0.04) increased. The increase in V̇E was due to greater Rf, but not VT. V̇E/V̇O2 was lower (26 ± 3.6 
vs 23 ± 3.7; P = 0.02), indicating improved ventilatory efficiency. Anaerobic contribution to total energy production 
increased from 15.6 ± 6.1% to 18.5 ± 6.3% (P = 0.02). Post-exercise hematocrit (P < 0.001), plasma ammonia (P = 0.03) 
and blood lactate (P = 0.001) increased following training. Horses showed no signs of EIPH.

Conclusions  Young two-year-old Thoroughbreds responded well to introductory training without developing tra-
cheobronchoscopic evidence of EIPH.
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Introduction
The cardiorespiratory and metabolic effects of tread-
mill exercise training programs are well described in 
Thoroughbred (TB) and Standardbred (SB) horses [1–
10]; however, comparatively little is known about the 
responses of young TB racehorses to their initial race-
track training program [11–16]. Although the physi-
ological effects of training, including maximal aerobic 
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capacity (V̇O2max), have been examined during standard-
ized exercise tests on high-speed treadmills, the trans-
lation to field conditions is limited as treadmill tests do 
not encompass the external stressors of field conditions, 
including the presence and nuances of a rider.

There have been several attempts to measure V ̇O2 in 
the field under saddle [17–24]. Despite success at lower 
intensity exercise, maximal efforts have been hindered by 
mask design, specifically the need to control horses and 
minimize the impedance of airflow through the mask. 
Until recently, field testing has relied on speed, heart 
rate (HR), electrocardiograms (ECG) and hematological 
variables to determine the effects of training. The physi-
ological demands of exercise, including spirometry and 
ventilatory parameters, remain poorly defined in maxi-
mal exercise field conditions.

It is well known that TBs have a high prevalence 
of exercise-induced pulmonary hemorrhage (EIPH) 
[25]. Post-race tracheobronchoscopies have found that 
approximately 75% of TBs show evidence of EIPH and 
that the prevalence in at least one assessment increases to 
95% with repeated examinations [26]. Current research 
suggests that EIPH is a consequence of the physiologic 
responses to high intensity exercise, though there is a 
paucity of data supporting when EIPH first occurs in 
the early career of racehorses. Microscopic lesions asso-
ciated with EIPH have been found on post-mortem in 
horses under 2 years of age that had been undergoing 
race training [27]. While it has been postulated that EIPH 
is associated with age [28, 29], confounding factors, such 
as lifetime race starts and the cumulative volume of high 
intensity exercise, have been shown to be more important 
than individual risk factors, such as age or sex [30]. The 
number of days between racing, ambient temperatures 
and weight carried have also been shown to be associ-
ated with EIPH scores [25]. A recent study in young TBs 
revealed race location and some track surfaces (dirt and 
turf ) were associated with greater prevalence and sever-
ity of EIPH, though further investigation is warranted, as 
the reasons for this remain unclear [31].

Most studies in young TB horses have focused on 
skeletal and muscular adaptations to training and rac-
ing. Few have examined the metabolic response dur-
ing the early stages of training, and to our knowledge, 
none have assessed the endoscopic evidence of EIPH. It 
remains unclear as to how introductory training might 
(or might not) affect the risk of developing EIPH in young 
racehorses. Additionally, no studies have described the 
ventilatory responses to field-tests in this population of 
horses. The present study aimed to provide a more com-
prehensive understanding of how field-training impacts 
the development of aerobic capacity, specifically ventila-
tion, to provide greater insight into responses to initial 

training and athletic potential of young Thoroughbred 
racehorses. The objectives were: (1) to compare the maxi-
mal cardiorespiratory and metabolic responses in young 
two-year-old Thoroughbreds before and after a typical 
track-based introductory training protocol and, (2) to 
determine whether young two-year-old Thoroughbreds 
show endoscopic signs of EIPH following introductory 
training sessions. It was hypothesized that horses would 
exhibit improvements in cardiorespiratory parameters 
and show endoscopic signs of EIPH following introduc-
tory racetrack training.

Methods
Study design
This was a prospective study on an available cohort of 
young Thoroughbred racehorses undergoing introduc-
tory training. The study took place in Miyazaki, Japan 
and was approved by the Animal Welfare and Ethics 
Committee of the Japan Racing Association (Approval 
number, 19–2; Approval date, December 28, 2018). All 
horses were owned by the Japan Racing Association and 
had previously completed basic under-saddle (walk, trot, 
slow canter) training. Informed consent was obtained 
from all horse owners. All methods were performed in 
accordance with the relevant guidelines and regulations. 
Following the study, horses continued with their regular 
training protocol.

Horses
Ten clinically healthy Thoroughbred racehorses (four 
colts, six fillies) from the same training barn (aged 
20–23 months at the start of training) underwent a 
12-week introductory track-based training program. 
Horses were stabled individually and fed a standardized 
diet (mixture of Timothy hay, lucerne hay, oats, green 
Italian ryegrass, and compounded feed) three times daily 
with ad  libitum access to water. Horses were exercised 
daily each morning and had individual (for the colts) and 
group turnout (for the fillies) in large paddocks for the 
remainder of the afternoon. They were regularly assessed 
for lameness by a veterinarian.

Training protocol
Horses were exercised daily for 60 minutes in a circular 
mechanical walker and exercised under saddle 6 days a 
week on a 1600 m oil-sand track. Training included one 
high-intensity speed session per week, progressing from 
one furlong in less than 18 seconds (approx. 11 m/s) 
to four furlongs in under 56 seconds (approx.14 m/s) 
(Table  1). Total daily training equaled approximately 
6700–6900 m and consisted of walking (2500 m), trotting 
(1200 m) and cantering (3000–3200 m).
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High‑speed exercise tests
Horses completed two high-speed exercise tests (HSET); 
one at the end of week 4 (“early-training”) and one at 
the end of week 12 (“late-training”). Horses and jockeys 
(including tack) were weighed on a digital scale (Hw-400, 
Belltech Co., Ltd., Osaka, Japan) prior to exercise. After 
completing a walk, trot, canter warm-up, horses were fit-
ted with an ergospirometry facemask (additional details 
below). Each horse completed a 1000 m high-speed 
sprint, progressively increasing to maximal speed which 
was sustained for the last 600 m. Four jockeys were ran-
domly assigned to each horse to minimize the effects of 
a rider and were instructed to push each horse to run 
as fast as possible. No other horses were present on the 
track to minimize the effects of external environmental 
factors.

Heart rate and speed
Horses were fitted with a dual polar heart rate and GPS 
monitor (RC3 GPS, Polar, Kempele, Finland) secured 
under their saddle, to measure maximal heart rate 
(HRmax, beats per minute, bpm) and speed (m/s). Addi-
tionally, the HR at maximal speed (HRVmax) was recorded, 
as well as the speed (m/s) and time (s) to complete each 
furlong. Data was imported into an Excel spreadsheet for 
analysis.

Oxygen consumption and ventilatory parameters
Peak oxygen consumption (V̇O2pk; ml/(kg.min) and L/
min), defined as the peak oxygen consumption reached 
during the final stage of the high-speed exercise test, was 
measured using a portable ergospirometry facemask, 
previously validated for maximal intensity field-exercise 
in horses [32]. Data was reported relative to the horse’s 
(H) weight (ml/(kg H.min)) as well as the combined 
weight of the horse and jockey, including tack (HJ; ml/(kg 
HJ.min)). Horses had not previously worn the facemask, 

which fit over their regular bridle and ensured the jock-
eys had complete control of the horse. Dead space was 
minimized by adjusting the fit of the mask to each horse. 
Jockeys wore a small backpack that housed a battery-
operated metabolic analyzer and computer tablet. Data 
was recorded on the tablet and wirelessly synced with a 
nearby laptop. Results were displayed using customized 
software. Oxygen sensors were calibrated before and 
after each run using room air, accounting for changes in 
ambient temperature, barometric pressure, and humidity 
(Barometer Plus, Ngo Na, Apple App Store), and a certi-
fied medical grade gas (16.00% O2). In addition to V̇O2pk, 
breath-by-breath spirometry parameters were measured, 
including minute ventilation (V̇E, L/min), respiratory fre-
quency (Rf, breaths per minute, bpm), peak inspiratory 
flow (PkV̇I, L/s), peak expiratory flow (PkV̇E, L/s) and tidal 
volume (VT, L). The ventilatory equivalent for V̇E/V̇O2pk 
was determined as a measure of ventilatory efficiency. 
Aerobic capacity (corrected to standard temperature 
and pressure, dry; STPD) is presented relative to horse’s 
own weight (ml/(kg H.min)) and the total weight (horse 
+ jockey) moved through space during the exercise test 
(ml/(kg HJ.min)); this encompassed the weight of the 
jockey and tack. Data was averaged over the final 15 sec-
onds of the maximal sprint test.

Blood samples
Blood samples (4 ml) were drawn from the left jugular 
vein into EDTA (VP-NA052K, Terumo Corp., Tokyo, 
Japan) and lithium heparin tubes (VP-H100K, Terumo 
Corp., Tokyo, Japan) before and immediately following 
exercise. Blood was immediately transferred from the 
EDTA tube into a capillary tube and spun in a microhe-
matocrit centrifuge. Hematocrit (%) was determined vis-
ually and a small amount of whole blood (< 20 μL) from 
the EDTA tubes was applied to test strips and inserted 
into handheld analyzers measuring ammonia (Ammonia 
Test Kit II, The PocketChem™ BA PA-4140, Arkray Inc., 

Table 1  Overview of the introductory track-based training schedule. Ten young two-year-old Thoroughbreds exercised under saddle 
6 days a week, including a once weekly high-speed sprint training session (time to complete each furlong, F, is included). A high-speed 
standardized exercise test (HSET) was performed at the end of week-4 (early-training) and week-12 (late-training) for data collection

Date Daily Distance (m) Once weekly speed training 
(time/furlong)

High Speed 
Exercise Test
(HSET)Walk Trot Canter Total

January 2500 1200 3000 ~ 3200 6700 ~ 6900 18 sec/1F (11.1 m/s)

36 sec/2F (11.1 m/s) End of week 4

February 15 sec/1F (13.3 m/s)

45 sec/3F (13.3 m/s)

March 14 sec/1F (14.3 m/s)

56 sec/4F (14.3 m/s) End of week 12
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Kyoto, Japan) and from the heparinized tubes to measure 
lactate (Lactate Pro2, Arkray Inc., Kyoto, Japan).

Aerobic and anaerobic contribution
Relative aerobic and anaerobic contributions to energy 
production were calculated using V̇O2 and delta blood 
lactate measurements as previously described [33].

Post‑exercise EIPH
Post-exercise EIPH was investigated via tracheobron-
choscopy 30 minutes after the high-speed exercise tests. 
A 1.5-m long high-definition videoendoscope (VQ Type 
8143B, Olympus Corp., Tokyo, Japan) was inserted into 
the horse’s left nostril with the assistance of a twitch (no 
sedation was used). The scope was inserted to the level 
of the carina. All examinations were recorded, and the 
presence of blood and tracheal mucus was scored imme-
diately on site using a validated grading system [34, 35]. 
Videos were later re-examined by two experienced clini-
cians to ensure scoring agreement.

Statistics
Normality was confirmed using a Shapiro-Wilk test and 
early-training and late-training measures were compared 
using a paired t-test (GraphPad Prism 9). The effects of 
training and sex on running times were assessed using 
a two-way repeated measures ANOVA. Results are pre-
sented as mean ± SD unless otherwise noted. Significance 
was set for P < 0.05.

Results
Environmental conditions during the high-speed peak 
exercise tests showed similar humidity (P = 0.90) and 
barometric pressures (P > 0.99) with a warmer ambient 
temperature (P = 0.008) on the days of the late-training 
(15.2 °C ± 1.7) than the early-training (10.8 °C ± 2.1) exer-
cise tests.

Horses
All 10 horses completed the introductory training pro-
gram and both HSET. A significant increase (P < 0.001) 
in body weight was observed from early-training 
(457.9 ± 26.7 kg) to late-training (475.0 ± 23.2 kg). The 
same jockeys were used in both HSETs and no differences 
in weight were observed (early-training: 75.7 ± 15.1 kg; 
late-training: 73.6 ± 16.4 kg).

Heart rate and speed
Significant increases in peak speed were observed 
from early-training to late-training (13.3 ± 0.5 m/s; 
16.0 ± 0.6 m/s; P < 0.001) and as a result, horses’ 600 m 
times were faster. The time to complete the final 400 m 
decreased by 16% (from 30.9 ± 1.2 sec to 26.1 ± 0.9 sec, 

P < 0.001). Maximal heart rate and HRVmax both 
increased significantly from early-training (221 ± 8 bpm; 
219 ± 9 bpm) to late-training (226 ± 7 bpm, P = 0.03; 
223 ± 8 bpm, P = 0.04). In both the early- and late-
training HSET, HR remained above 200 bpm for two 
consecutive minutes, confirming that horses were per-
forming at or close to maximal intensity exercise. The 
time in training influenced running time, with horses 
running each 200 m segment faster during the late-
training HSET. There was no effect of sex on any results 
(P = 0.92). Time to complete each furlong is shown in 
Table 2.

Oxygen consumption and ventilatory parameters
Absolute (L/min) and relative (ml/(kg H.min)) V ̇O2pk 
increased by 28 and 23%, respectively, from the 
early-training to late-training HSET. Following the 
8 weeks of training, mean relative V ̇O2pk increased 
from 116.3 ± 18.1 to 144.7 ± 23.6 ml/(kg HJ.min) 
(P < 0.001) and 135.3 ± 20.7 to 166.9 ± 26.4 ml/(kg 
H.min) (P < 0.001), while absolute V ̇O2pk increased 
from 61.8 ± 9.6 to 79.3 ± 13.1 L/min (P < 0.001). Sig-
nificant increases were observed in V ̇E (early-train-
ing: 1657 ± 241 L/min; late-training: 1843 ± 186 L/
min; P = 0.0015), Rf (early-training: 127 ± 8 bpm; 
late-training: 141 ± 7; P < 0.001), PkV ̇I (early-training: 
63.7 ± 8.6 L/s; late-training: 73.0 ± 7.3 L/s; P < 0.001) 
and PkV ̇E (early-training: 79.3 ± 11.9 L/s; late-training: 
86.6 ± 8.8 L/s; P < 0.001) but not in VT (early-training: 
13.2 ± 2.2; late-training: 13.2 ± 1.7; P = 0.49). Results are 
shown in Fig.  1. The V ̇E/V ̇O2 decreased with training 
(early-training: 26 ± 3.6, late-training: 23 ± 3.7; P = 0.02).

Table 2  Data from 10 young two-year-old Thoroughbred horses 
undergoing introductory track-based training. Mean maximal 
heart rate (HRmax, bpm), peak speed (Vmax, m/s) and maximal HR 
at maximal speed (HRVmax) and time to complete each furlong 
(sec) during the early-training (week 4) HSET and late-training 
(week 12) HSET. Data presented as mean ± SD

Early-Training Late-Training P Value

HRmax (bpm) 221.0 ± 7.9 225.8 ± 6.9 0.030

Vmax (m/s) 13.3 ± 0.5 16.0 ± 0.6 < 0.001

HRVmax (bpm) 219.3 ± 8.5 222.7 ± 7.8 0.045

1st furlong (s) 20.2 ± 2.3 16.9 ± 1.3 < 0.001

2nd furlong (s) 18.6 ± 2.0 16.0 ± 0.9 0.0016

3rd furlong (s) 17.0 ± 1.2 15.0 ± 1.3 0.007

4th furlong (s) 15.5 ± 0.7 13.4 ± 0.6 < 0.001

5th furlong (s) 15.3 ± 0.5 12.7 ± 0.5 < 0.001

Final two furlongs (avg) 30.9 ± 1.2 26.1 ± 0.9 < 0.001
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Aerobic and anaerobic contribution
Aerobic contribution to total energy production 
decreased from 84.4 ± 6.1% to 81.5 ± 6.3% (P = 0.02) while 
anaerobic contribution subsequently increased from 
15.6 ± 6.1% to 18.5 ± 6.3% (P = 0.02).

Blood tests
Post-exercise hematocrit, plasma ammonia and whole 
blood lactate concentrations increased significantly from 
early-training to late-training (Table 3).

Post‑exercise EIPH
Horses showed no tracheobronchoscopic signs of EIPH 
following either the early-training or late-training HSET. 
A small amount of tracheal mucus (mean score 1.1 ± 0.7) 
was observed in almost all horses (n = 9) following both 
HSET.

Discussion
Young two-year old Thoroughbreds responded well 
to introductory track-based training, as evidenced by 
improvements in multiple cardiorespiratory parameters 
between the early- and late-training HSET. Additionally, 
no horses showed any tracheal signs of EIPH. Horses 
exhibited improvements in peak running speeds (+ 20%) 
and the time to complete two furlongs (15% faster). This 
was likely related to the cardiovascular and muscular 
adaptations of training [36], including metabolic adap-
tations that delay the onset of fatigue [37]. Male horses 
have previously been shown to reach higher peak speeds 
than female horses [38], however, like Fonseca et al. [39], 
we found no differences in peak speeds between fillies 
and colts. Variations in speed may be related to differ-
ences in lean muscle mass amongst young racehorses. 
Although measuring body composition was beyond the 
scope of this study, a significant increase in body weight 
was observed between the early- and late-training HSET. 
This was presumably due to increases in lean muscle 
mass, as fat-free mass has been shown to increase due 
to the combination of training and natural growth and 
maturation [40]. Increases in stride frequency at a given 
speed have also been observed in young TBs undergo-
ing training, although interpretation of the data remains 
unclear [37].

In human athletes, maximal aerobic capacity is consid-
ered one of the most important factors for predicting an 
individual’s health and athletic potential and is routinely 
used to assess aerobic performance capacity [41]. Maxi-
mal oxygen consumption is associated with a plateau in 
V̇O2, despite a continual increase in workload. As this 
is very difficult to demonstrate under field conditions, 
peak V̇O2 (V̇O2peak) is often reported. Previous studies 
in TB racehorses have shown significant improvements 
in V ̇O2 parameters following treadmill training [6, 7, 9, 
10, 42] and conventional track-based training [13–15, 
43]. Untrained yearlings and two-year old TBs have been 
shown to have mean baseline V̇O2pk scores measuring 
128 ml/(kg.min) and 140 ml/(kg.min) respectively [12]. 
It has been suggested that the early “breaking” phase 
of training results in the most significant increases in 
V̇O2pk in young TBs due to rapid changes in cardiores-
piratory parameters. One study found a 21% increase in 
absolute V ̇O2 (57 to 69 L/min) and 13% increase in rela-
tive V̇O2 (134 to 151 ml/(kg.min)) in young TBs under-
going low intensity training during the early phase of 
training [14]. Higher baseline V̇O2pk scores (154 ml/(kg.
min)) have been observed in two-year-old TBs that have 
undergone the early stages of training [13]. The lack of 
subsequent improvement with low intensity training in 
two-year-old TBs further supports that horses experience 
large adaptations in the early phases of training and thus 
require progressively higher intensity exercise to maxi-
mize aerobic capacity.

Drawing meaningful comparisons between studies 
is challenging due to a myriad of differences including 
training status, exercise type, intensity and duration, and 
gas collection systems used (open flow, differential pres-
sure transducers and ultrasonic flow transducers). Until 
recently [32], no system had been validated for measuring 
V̇O2 in the field under high-intensity exercise. The devel-
opment of a light weight, portable mask that allows for 
rider intervention has been shown to provide comparable 
results to a traditional open-flow gas collection system 
used on a high-speed treadmill [32]. This novel port-
able device provides greater insight to the physiological 
demands and nuances of field-testing, including the pres-
ence of a jockey. In the current study, horses had already 
undergone the early stages of training and had completed 
4 weeks of introductory track-based training prior to 

(See figure on next page.)
Fig. 1  Ergospirometry parameters measured during HSET in early-training (week-4) and late-training (week-12) in 10 young two-year-old racing 
Thoroughbreds. Parameters include absolute peak aerobic capacity (V̇O2pk, L/min), relative (to horse) peak aerobic capacity (V̇O2pk, ml/kg H.min), 
total mass (horse and jockey) peak aerobic capacity (V̇O2pk, ml/kg HJ.min), peak inspiratory flow (PkVİ, L/s), peak expiratory flow (PkVĖ, L/s), peak 
inspiratory flow (PkV̇E, L/s), respiratory frequency (Rf, bpm), minute ventilation (V̇E, L/min) and ventilation efficiency (V̇E/ V̇O2pk). * Indicates 
a statistical difference (P < 0.05)
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Fig. 1  (See legend on previous page.)
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the first HSET. The mean increases in relative V̇O2pk 
adjusted for total mass (horse, jockey, and tack) was 
28 ml/(kg HJ.min) (+ 24%) from early-training (116.3 ml/
(kg HJ.min)) to late-training (144.7 ml/(kg JK.min)). 
Mean jockey weight did not change; however, to account 
for the increase in mean horse weight, we chose to also 
examine absolute V̇O2pk, which increased by 28% (62 
to 79 L/min). This increase indicates that training levels 
were sufficient to result in cardiorespiratory and muscle 
improvements. Mass specific V̇O2pk scores were compa-
rable to what has previously been reported in young TBs 
undergoing higher intensity training [13], though it is 
important to mention that maximal intensity field-testing 
is in some measures less standardized than high-speed 
treadmill testing. Although several parameters confirm 
maximal intensity exercise, accurate tests rely on the 
encouragement of each jockey and the subjective effort of 
each horse.

Improvements in aerobic capacity are the result of 
several central and peripheral training adaptations, pri-
marily cardiac output and an improved oxygen carrying 
capacity of the blood [44]. Despite a significant increase 
in maximal heart rate following training, the difference 
was not clinically relevant as both exercise tests revealed 
maximal HRs above 220 bpm. Previous studies have 
already shown that training does not alter maximal heart 
rate in any age group of horses [45]. Data pertaining to 
changes in stroke volume (SV) has been mixed, with an 
early study by Thomas et al. [2] showing improvements in 
SV following training, while another by Bayly et al. [1] did 
not. Although incremental treadmill tests have shown no 
significant changes in SV from resting values [3], larger 
improvements have been observed following 7 weeks 
of treadmill training [4]. Echocardiographic data also 
confirms that relative left ventricle mass and wall thick-
ness increases with training in young Standardbred and 
National Hunt horses [46, 47], thereby increasing cardiac 
output. These adaptations have been shown to be posi-
tively correlated with racing performance.

Ventilatory parameters were reported in young TBs in 
the field for the first time. Due to the breath-by-breath 
design of the current facemask, peak VT, and peak inspir-
atory and expiratory flow, breathing frequency and total 

ventilation are reported. Increases in V̇E (+ 11%) were 
due to a higher respiratory frequency (+ 11%), but not 
VT. It has previously been shown that VT does not change 
with training in mature Thoroughbreds [7]. This is also 
presumed to be true in young TBs undergoing training. 
The increase in Rf was likely associated with an increase 
in stride frequency (and thus faster speeds) due to the 
tight coupling of locomotion and breathing. Peak inspira-
tory and expiratory flows also increased, indicating that 
horses had to generate higher peak negative and positive 
pressures to inspire and expire the same VT in less time 
per breath (because Rf is faster).

Age and training status influence the hematologic 
profile and aerobic capacity of the athletic horse [48]. 
Haematological changes, including increases in plasma 
volume, hematocrit, and the number of circulating red 
blood cells, have been described in young TB horses 
following races [49] and 4-months of track-based train-
ing [50, 51]. These adaptations improve oxygen carrying 
capacity via increases in hemoglobin concentrations and 
cardiac output and, together with increased capillariza-
tion of skeletal muscle and increased activity of enzymes 
involved in oxidative phosphorylation, enhance aerobic 
capacity. This improved delivery and utilization of oxygen 
by the exercising muscles results in a decrease in the V̇E/
V̇O2 and is interpreted as reflecting an enhancement in 
the efficiency of ventilation as observed in this study. The 
effects of young horses’ initial exposure to training on 
ventilatory efficiency have not been previously reported 
and are additional evidence of the positive metabolic 
responses of these young Thoroughbreds to their training 
program.

The increase in post-exercise blood lactate concentra-
tion was expected following training due to improve-
ments in peak running speeds. Lactate values were 
similar to those reported by Evans et  al. [52] in horses 
undergoing an 800 m maximal field test; however, were 
lower than those reported in horses undergoing a 1200 m 
race [53]. Interestingly, the current study contradicts 
findings from a similar study whereby TBs underwent 
a 600 m SET and found lower plasma lactate following 
6-weeks of interval training, despite faster times [54]. 
A large amount of variability exists in lactate values 

Table 3  Data from 10 young two-year-old Thoroughbred horses undergoing introductory track-based training. Post-exercise whole 
blood hematocrit (HCt, %), plasma ammonia (NH3, μmol/L) and blood lactate (mmol/L) between the early-training (week 4) HSET and 
late-training (week 12) HSET. Values presented as mean ± SD

n = 10 Early-Training Late-Training % Change P Value

Post-exercise HCt (%) 55.4 ± 2.4 59.7 ± 2.4 +  7.8% < 0.001

Post-exercise NH3 (μmol/L) 59.0 ± 15.4 76.3 ± 32.4 +  29.3% 0.03

Post-exercise blood lactate (mmol/L) 9.1 ± 3.5 13.5 ± 5.0 +  48.4% 0.001
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reported in TB yearling training studies [13–16]. This 
is due to differences in exercise intensity, environments 
(treadmill vs. track; training vs. competition), method-
ologies (intravenous catheter vs. jugular sample, whole 
blood vs. plasma) and the type of analyzers used. The 
timing of sampling also has a large effect. In the current 
study, blood was pulled immediately following exercise 
which may have potentially limited the time for intracel-
lular lactate to diffuse into the blood, thus causing con-
centrations to be lower. Post-exercise plasma ammonia 
is a marker of the anaerobic demands of exercise and is 
considered a sensitive indicator of performance, muscle 
fatigue and training efficiency [55, 56]. Although in the 
current study no serial measurements were obtained, 
a 30% increase in post-exercise plasma ammonia was 
observed following training, suggesting a rightward shift 
in the ammonia threshold curve, otherwise representa-
tive of a delay in the onset of fatigue and thus enhanced 
performance. Reference ranges for maximally exercis-
ing racehorses in the field are lacking, however we found 
that values were similar to those obtained in incremental 
high-speed treadmill studies [57].

The effects of training on the relative contribution of 
aerobic and anaerobic energy production can be esti-
mated using serial V̇O2 measures and delta blood lac-
tate measurements [33]. In the current study, anaerobic 
contribution was estimated to be 20% higher following 
training. These findings suggests that training improves 
the efficiency of enzymatic systems and metabolic 
adaptations of skeletal muscles to maximal exercise. 
Higher anaerobic contributions are compatible with the 
increased blood lactate concentrations [58] and might 
also indicate a greater intramuscular buffering capacity 
and ability to withstand the rise in intracellular lactate 
and unbuffered hydrogen ions (which are responsible for 
slowing ATP production) [55].

Horses showed no signs of tracheal blood following 
either peak exercise test, suggesting that EIPH is not 
prevalent in young TBs undergoing introductory train-
ing. A recent retrospective study of 1071 post-race tra-
cheobronchoscopies found that 74% of two-year old TBs 
had EIPH and more than 90% of horses examined multi-
ple times exhibited EIPH [31]. The authors found asso-
ciations between severe EIPH (>Grade 3) and reduced 
racing performance. When corroborated with the cur-
rent results, these findings suggest that horses begin to 
bleed sometime between introductory training and rac-
ing. In the current study horses only ran maximally for 
600 m, compared to the 900–1800 m run in races [31]. 
Therefore, it remains unclear whether EIPH is related 
to crossing a training volume threshold or whether it is 
related to intensity or distance covered. Microscopic 
EIPH lesions have been observed in young TBs training 

at speeds above 7.0 m/s [27], further suggesting that 
intensity plays an important role in the onset of bleeding. 
However, the TBs in the current study showed no signs of 
EIPH, despite regularly training at speeds above 11 m/s. 
Albeit, the majority of the introductory training was low 
intensity exercise, remaining below 7 m/s. Although the 
pathophysiology of EIPH remains unclear, from the per-
spective of the pulmonary capillary stress failure theory, 
it is possible that the low total volume of weekly speed-
training was not enough to drive transmural pressures 
beyond the failure threshold and cause horses to experi-
ence EIPH.

Limitations
A limited number of horses were investigated and 
although horses were in training for 16 weeks, no initial 
baseline or post-training data was obtained. Ideally, a 
control group would have also been included; however, 
as horses came from a high calibre breeding facility, they 
were all enrolled in training.

While the current mask design has been shown to pro-
vide accurate and comparable results, the system lacks a 
carbon dioxide sensor thus limiting the metabolic param-
eters we can measure. Nevertheless, V̇E/V̇O2 provided 
some useful information about the effects of training on 
the ventilatory efficiency. The decrease in the V̇E/V̇O2 
ratio was small but significant, indicating that more oxy-
gen was extracted per liter of inhaled air following train-
ing. Although it would have been interesting to measure 
exercising blood gases to determine how field training 
contributes to hypoxemia and hypercapnia, this is not 
easily undertaken in the field.

Although post-race tracheobroncoscopies are generally 
accepted as a strong diagnostic tool for EIPH, they lack 
the sensitivity of a bronchoalveolar lavage [59]. Blood 
may have been present in the lower airways, but not in 
volumes large enough to show evidence in the trachea. 
Serial endoscopic examinations could also be utilized to 
more accurately determine whether horses have devel-
oped EIPH.

Conclusion
Young two-year-old Thoroughbreds became fitter in 
response to their first exposure to racetrack training, as 
measured by higher peak speeds and improved aero-
bic capacity (as measured by a lightweight, portable 
ergospirometry facemask). Increases in minute ventila-
tion were due to increases in breathing frequency, but not 
tidal volume, which was likely related to the increased 
stride frequency associated with faster speeds and loco-
motor respiratory coupling. Overall, young two-year old 
Thoroughbreds responded well to introductory training 
without developing evidence of EIPH.
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