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Introduction
Over the last few years, the welfare of sport horses has gained more and more 
attention from the general public. The public awareness is not limited to the use of 
the hyperflexed head and neck position in warmblood performance horses, it also 
includes, among others, concerns regarding the current rate of (catastrophic) injuries 
in race horses and the “performance enhancing” measures used in the show horse 
industry (McLean and McGreevy, 2010). The first statement from the Fédération 
Equestre Internationale (FEI) regarding the hyperflexed training method dates from 
2006 when the FEI acknowledged the need for more scientific information about the 
possible benefits and disadvantages of this method. The FEI underlined that “there 
must be an understanding that hyperflexion as a training aid must be used correctly, 
as the technique can be an abuse when attempted by an inexperienced/unskilled rider/
trainer”. Furthermore, there was agreement on the fact that inexperienced riders 
may imitate more skillful riders in an attempt to use the technique, which implies 
a welfare risk for the horse (Jeffcott et al. 2006). This statement was followed in 
2010 by redefinition of the hyperflexed position, also named “rollkur”, as flexion of 
the horse’s neck achieved through aggressive force which was therefore found to be 
unacceptable. The technique known as Low, Deep and Round (LDR), which achieves 
flexion without undue force, was accepted as a training method (FEI, 2010a). A 
working group established by the FEI produced several illustrations, which highlight 
the difference between the hyperflexed and LDR position, and stated that fixed or 
sustained positions should only be performed for a maximum of ten minutes. These 
regulations aim to provide stewards with guidelines on how to apply the current rules 
and protect the welfare of the horse around competitions (FEI, 2010b). Although the 
public concern is predominantly focused on successful horses and riders regularly 
appearing in the media, the FEI agreed on the fact that inexperienced riders may 
imitate more skillful riders. It must be mentioned that the measures taken by the 
FEI until now are mainly focused on high level dressage horses and their trainers. 
However, the welfare of the recreational horse, trained and competed far away from 
the conscious eye of the big public might be more difficult to protect. It is, therefore, 
important to increase the awareness and understanding of the individual horse owner 
regarding the benefits and risks of different training techniques, including the use of a 
hyperflexed head and neck position. This thesis focuses on the equine cervical spine 
and the effect of different head and neck positions on the equine athlete, in the case of 
this thesis represented by the base level trained dressage horse. The scientific evidence 
provided in this thesis aims to increase the understanding of veterinarians, researchers 
and the horse industry, regarding the possible welfare risk imposed by certain training 
techniques. 
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A review of the current literature demonstrates that a change in head and neck position 
does indeed influence back kinematics and loading pattern of the locomotor apparatus 
in the unridden as well as in the ridden high level dressage horse. In summary, 
although a flexed head and neck position induced an increase in range of motion in 
the lumbar back in the unridden horse, which implies an activated use of the hind 
limbs, a better step under the horse’s body and a more equally divided load between 
fore- and hind limbs (Gómez-Alvarez et al. 2006), this effect could not be reproduced 
while ridden (Rhodin et al. 2009). An extremely elevated neck, however, caused 
an increase in extension of the thoracic and lumbar back in the unridden as well as 
in the ridden horse (Gómez-Alvarez et al. 2006; Rhodin et al. 2009). Furthermore, 
an extremely elevated neck was shown to affect the functionality of the locomotor 
apparatus much more than an extremely low neck by an increase in peak vertical 
forces in the forelimbs, which is potentially a risk factor for injury (Weishaupt et al. 
2006; Waldern et al. 2009).
   
The former studies focused on the biomechanical effects of different head and neck 
positions in clinically healthy horses during training. A review of equine and human 
literature underlines the influence of the head and neck position on neuromuscular 
functionality. The leading cause of non-infectious spinal ataxia in the horse is cervical 
vertebral stenotic myelopathy (CVSM) (Reed et al. 2008). In the literature, CVSM 
has been divided into two main categories. The first category, compression as a result 
of developmental abnormalities, includes vertebral canal malformation, physeal 
enlargement, extension of the dorsal aspect of the vertebral arch, abnormal angulation 
between adjacent vertebrae and articular process malformation as a result of possible 
osteochondrosis. This first category is most often observed in young thoroughbreds 
(Reed et al. 2008). The second category includes predominantly older (young adults 
to old age) horses of various breeds with articular process malformation as a result of 
degenerative joint disease, which is most often diagnosed in the lower cervical spine 
(Reed et al. 2008). The spinal cord compression in patients suffering from CVSM may 
be dynamic (only present in a flexed head and neck position) or of static origin (Reed 
et al. 2008).  In addition, peri-articular proliferation, caused by facet joint arthrosis, 
invading the intervertebral foramina can cause cervical nerve root compression 
(cervical radiculopathy), neck pain, and even fore limb lameness when the involved 
nerve root(s) contribute to the brachial plexus (Ricardi and Dyson, 1993; Marks, 1999). 
In humans, many ex vivo as well as in vivo studies have been conducted to evaluate 
the influence of normal range of neck flexion and extension on cervical intervertebral 
foramina dimensions (Yoo et al. 1992; Humphreys et al. 1998; Lu et al. 2000; Muhle 
et al. 2001; Nuckley et al. 2002; Kitagawa et al. 2004; Ebraheim et al. 2006), local 
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pressure on nerve roots (Schnebel et al. 1989; Farmer and Wisneski, 1994; Hubbard 
and Winkelstein, 2008) and corresponding electrophysiological findings (Sabbahi and 
Abdulwahab, 1999; Morishita et al. 2006). In humans it has been reported that neck 
flexion causes an increase in intervertebral foramina dimensions, while neck extension 
causes a decrease in the intervertebral foramina dimensions. This information proved 
to be helpful in the development of diagnostic as well as therapeutical interventions 
for cervical radiculopathy (Tanaka et al. 2006).
 
A recent study (Berner et al. 2012) reports that head and neck flexion increases the 
intervertebral distance, while extension decreases the distance between the thoracic 
dorsal spinous processes in the horse. This may implicate that a flexed head and neck 
position may alleviate clinical signs in horses suffering from dorsal spinous process 
impingement. To date, equine veterinarians rely on their clinical exam, radiographs 
and ultrasound to diagnose neck lesions in the horse. The sensitivity of radiographs to 
accurately diagnose the location of compression is an ongoing subject of dispute and 
has currently been emphasized in studies using cervical vertebral canal endoscopy 
(Prange et al. 2012). Electromyography (EMG) is a sensitive technique that has 
been used to measure neuromuscular functionality and diagnose lower motor neuron 
pathology in horses, including lesions in the neck (Wijnberg et al. 2004, 2009). Unlike 
in humans and dogs, modern diagnostic modalities like Computed Tomography (CT) 
and Magnetic Resonance Imaging (MRI) are not yet available to image the complete 
neck of the horse due to limited bore dimensions. However, in both humans and 
canines with cervical disease, MR imaging is routinely used as an important step 
in the diagnostic process and to make therapeutic decisions, particularly in deciding 
whether surgical intervention is indicated (Alafifi et al. 2007; Da Costa et al. 2007).

To achieve an optimal performance, not only are biomechanical parameters 
important, upper airway function and an efficient arterial oxygenation are crucial to 
the equine athlete. It is widely documented that healthy horses develop a relative 
arterial hypoxemia during exercise (Wagner et al. 1989). A further decrease in arterial 
oxygenation could be caused by obstructions in the upper airway tract and/or lower 
airway disease (King et al. 1994; Christley et al. 1997; Durando et al. 2002; Sánchez 
et al. 2005). A review of the equine literature demonstrates that head flexion influences 
upper airway functionality. Flexion of the poll seems to be not only an important 
contributing factor to the development of dynamic airway obstruction (Franklin et 
al. 2006), but is also in itself a cause of dynamic upper airway tract obstruction in 
healthy horses during strenuous exercise (Petsche et al. 1995; Strand et al. 2009). A 
recent study (Cehak et al. 2010) reported a decreased pharyngeal diameter with head 
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flexion and an increased pharyngeal diameter with head extension visualized by upper 
airway endoscopy in the horse at rest. A significant upper airway obstruction causes 
an increased intrathoraric pressure difference and a more negative pressure during 
inspiration. Inefficient alveolar ventilation may lead to a decrease in arterial oxygen, 
which will result in a certain degree of decreased performance (Durando et al. 2006). 
Different head and neck positions, possibly causing an upper airway obstruction, 
might therefore influence the welfare of the equine athlete.

Animal welfare is not always clearly defined, which makes it even more complicated 
to be objectively measured. The Saunders Veterinary Dictionary defines animal 
welfare as “the avoidance of abuse and exploitation of animals by humans by 
maintaining appropriate standards of accommodation, feeding and general care, the 
prevention and treatment of disease and the assurance of freedom from harassment, 
and unnecessary discomfort and pain.” The definition of the faculty of Veterinary 
Medicine, Utrecht University is as follows: “An individual is in a state of welfare 
when it is able to actively adapt to its living conditions in order to achieve a situation 
that it experiences to be positive”. (Platform diergeneeskunde en samenleving, 2009). 
In equine studies, frequently used indicators of welfare are concentrations of the 
“stress hormone” cortisol, and the behaviour of the horse. Heart rate variability, a 
parameter representative of the sympatico-vagal balance, is a relatively new technique 
used to measure stress in the horse (Von Borell et al. 2007). The total blood cortisol 
concentration, of which a relative small fraction circulates protein bound, is strongly 
correlated to the free and bioactive concentration of cortisol which passively diffuses 
into and can be reliable measured in saliva (Peeters et al. 2011). For an optimal 
performance a certain level of stress is necessary in humans and this may account for 
the equine athlete as well. However, an overload of stress may lead to stress related 
disorders like stereotypic behaviour and gastric ulcers and implicate a decreased level 
of welfare (De Graaf-Roelfsema, 2007). In recent years it has been implied that certain 
training techniques, especially those that use a hyperflexed head and neck position, 
may cause unnecessary discomfort and possibly pain (McLean and McGreevy, 2010). 
Studies in base level trained horses have not yet been able to demonstrate an increased 
level of stress during exercise in a hyperflexed head and neck position, based on 
blood cortisol concentrations and heart rate (Sloet van Oldruitenborgh-Oosterbaan 
et al. 2006) and saliva cortisol concentrations combined with heart rate variability 
(Becker-Birck et al. 2013). An earlier study compared high level dressage horses 
with recreational horses and implied a decreased level of stress in high level trained 
horses in a hyperflexed position based on heart rate variability measurements after 
exercise (Van Breda, 2006). Von Borstel et al. 2009 suggested that the hyperflexed 
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position may be uncomfortable to horses unaccustomed to this position based on 
behavioural parameters alone. In contrast, a recent study demonstrated an increase 
in saliva cortisol concentrations directly after ridden exercise in the “low, deep and 
round” training method (Van Dierendonck et al. 2012). Visual impairment during 
the hyperflexed position has been suggested (McGreevy et al. 2010), but not yet 
objectively proven. It is unfortunate that no published study so far combines blood 
and saliva cortisol concentrations as well as heart rate variability and behavioural 
parameters to discuss the level of stress experienced by the horse. Furthermore, unlike 
the published biomechanical studies (Gómez-Alvarez et al. 2006; Weishaupt et al. 
2006; Rhodin et al. 2009; Waldern et al. 2009), studies discussed in this section limit 
their comparison to the hyperflexed position and one or two other head and neck 
positions (either a free position with only light rein contact or a position with regular 
poll flexion) and fail to objectively describe the used head and neck positions.

This thesis consists of an ex vivo and in vivo part and is focused on the equine cervical 
spine and the effect of different head and neck positions on the equine athlete, 
represented by the base level trained dressage horse. The aim was to produce a more 
complete understanding of the effect of the head and neck position on horse welfare. 
To achieve this, studies were performed in three clinical areas.

- The effect of the head and neck position on neuromuscular functionality.
- The effect of the head and neck position on upper airway functionality.
- The effect of the head and neck position on indicators of stress.

Seven base level trained horses with no history of respiratory, circulatory, 
neuromuscular or locomotor disease and without any radiographic/ultrasonographic 
abnormalities of the cervical vertebrae were selected to participate in the in vivo part 
of this study. There were several options for the training protocol, and there were 
three essential criteria which had to be fulfilled: (1) the training had to be scientifically 
acceptable and reproducible; (2) a reflection of (recreational) equine practice and (3) 
safe for horses as well as staff. This led to a set-up in which we would train the horses 
unridden, on the lunge in a training arena for at least three weeks until they seemed 
relatively at ease in each position. To be a reflection of equine recreational practice, 
the exercise protocol had to be of moderate intensity for a longer period of time (24 
min).    
   
Chapter 2 describes the head and neck positions that were used both in the ex vivo and 
in vivo part of this thesis. Detailed information is given regarding the significance of 
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these head and neck positions to the horse industry and the current welfare discussion. 
This chapter describes all objective measurements, which made it possible to reproduce 
the same positions for the separate parts of this thesis. Apart from the in vivo part of 
the study, this chapter is crucial to the ex vivo imaging part, in which cervical spines 
are imaged with modern diagnostic modalities like (contrast-enhanced) computed 
tomography and magnetic resonance imaging. By using the same neck positions the 
acquired images could be more reliably related to the in vivo situation.

Chapter 3 describes the first part of the ex vivo study. This study was conducted at 
Mississippi State University. Three young adult horses, donated to the equine clinic 
and euthanized for reasons unrelated to the cervical spine were used in this study. 
Immediately after euthanasia, the cervical spines were prepared and anchored to 
a wooden frame which represented the -20 degree flexed position, which was the 
position voluntarily chosen by lunged horses as presented in chapter 2. Magnetic 
resonance (MR) imaging was consequently performed in a 3T GE Signa Excite HDx, 
fixed 16 channel system with an 8US torsopa coil, followed by (contrast- enhanced) 
computed tomography (CT) imaging in a GE 64 slice LightspeedVCTc system. After 
freezing, gross anatomic sections of 1cm were obtained in respectively the dorsal, 
sagittal and transverse plain. This study served two purposes: 1. To describe in detail 
the 3-dimensional anatomy of the equine cervical spine by comparing anatomical 
sections with corresponding MR and contrast-enhanced CT images in the dorsal, 
sagittal, and transverse planes. 2. To describe the ability of MR and CT imaging to 
visualize clinically important anatomical structures in the equine cervical spine.

Chapter 4 represents the second ex vivo study reported in this thesis. Six adult horses, 
euthanized for reasons unrelated to the cervical spine were used in this study. After 
careful preparation of the cervical spines, the specimens were imaged in a helical CT 
scanner in five different positions. Wooden frames designed for this study represented 
the 5 different head and neck positions measured in the live horses as described in 
chapter 2. The aim of this study was to measure the effect of flexion and extension 
on intervertebral foramina dimensions in the equine cervical spine. The cervical 
nerve roots leave the spinal cord through their respective intervertebral foramen, 
which is defined by the notches in the vertebral body cranially and caudally and by 
the articular processes dorsally and the intervertebral disk ventrally. In humans, it 
is well described that neck flexion and extension causes respectively an increase 
and decrease in foramina dimensions (Yoo et al. 1992). This information proved to 
be helpful in the development of diagnostic as well as therapeutical interventions 
for cervical radiculopathy (Tanaka et al. 2006). In horses, clinical signs of cervical 
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nerve root compression caused by cervical facet joint arthrosis are well described 
and have been objectively quantified by quantitative electromyography (EMG) 
(Wijnberg et al. 2002a, 2004, 2009). This study reports the degree of movement in 
each individual cervical segment and whether this coincides with the most significant 
effect on foramina dimensions as nerve root compression could possibly result in an 
impaired neuromuscular functionality measured by electromyography (EMG). The 
results of this study are implemented in the research project measuring neuromuscular 
functionality by quantitative (SF)EMG, described in chapter 5.

Chapter 5 applies the results of chapter 4 to measure the effect of different head and 
neck positions on outcome of quantitative neuromuscular techniques in Royal Dutch 
Sport horses directly after moderate exercise. Quantitative electromyography (EMG) 
is a scientifically proven technique to differentiate between neuropathy and myopathy 
and between a generalized and localized condition (Wijnberg et al. 2003, 2004). 
Electromyography has proven to be very useful in the diagnosis of cervical lesions 
in the horse, even before radiographic changes are visible (Wijnberg et al. 2004). A 
motor unit consists of the motor neuron, axon endplate, neuromuscular transmission 
zone and belonging muscle fibers. As the nerve action potential does not reach all 
muscle fibers simultaneously, the temporal dispersion will contribute to the size and 
shape of the motor unit action potential (MUP), described by the following variables: 
duration, amplitude, number of turns and phases and area under the curve. In addition 
to quantitative EMG, the mean conduction velocity (MCV) of single fibre potentials 
was recorded in each head and neck position. Single fibre EMG is considered the 
most sensitive technique to measure abnormal neuromuscular transmission in humans 
(Sanders, 2002). In addition to performing quantitative EMG analysis and single fibre 
EMG, muscle enzyme levels were measured at 4, 6 and 24 hours after exercise.  

Chapter 6 measures the effect of different head and neck positions on intrathoracic 
pressure and arterial blood gas values in Royal Dutch Sport horses during moderate 
exercise. An esophageal balloon catheter was used, which is a relative non-invasive 
but reliable method to measure intrathoracic pressure in the horse during exercise. As 
it was predicted from the existing literature that horses might develop a dynamic upper 
airway obstruction during head and neck flexion, it was considered crucial to measure 
arterial blood gas values simultaneously and correlate these with ECG recordings to 
assess the clinical significance of a possible upper airway obstruction.

Chapter 7 focuses on the level of stress in the different head and neck positions and, 
in addition to the previously described chapters, supplies important input to the public 
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debate regarding these training techniques. To the knowledge of the authors, this is 
the first published article in which blood and saliva cortisol concentrations, heart rate 
variability and behavioural are recorded simultaneously in 5 objectively measured 
head and neck positions, including the hyperflexed position. 

Chapter 8 integrally presents and discusses the results of the aforementioned chapters.
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Summary
Reasons for performing study: Head and neck positions (HNP) 
in sport horses are under debate in the equine community, as they 
could interfere with equine welfare. HNPs have not been quantified 
objectively and no information is available on their head and neck 
loading.

Objectives: To quantify in vivo HNPs in sport horses and develop a 
model to estimate loading on the cervical vertebrae in these positions.

Methods: Videos were taken of 7 Warmbloods at walk on a straight 
line in 5 positions, representing all HNPs during Warmblood training 
and competition. Markers were glued at 5 anatomical landmarks. 
Two-dimensional angles and distances were determined from video 
frames for the 5 HNPs and statistically compared (P<0.05). A new 
simulation model was developed to estimate nuchal ligament cervical 
loading at these HNPs.

results: The mean angles were significantly different between the 5 
HNPs for the line between C1 and T6 with the horizontal and for the 
line connecting the facial crest (CF) and C1 with the vertical, while 
the vertical distance from CF to the lateral styloid process of the radius 
(PS) was significantly different between all 5 positions (P<0.05). 
The estimated nuchal ligament loading appeared to be largest at the 
origin of C2 for all HNPs, except for the ‘hyperextended’ HNP5; the 
‘hyperflexed’ HNP4 showed the largest loading values on the nuchal 
ligament origins at all locations.

Conclusions: HNPs can be accurately quantified in the sagittal plane 
from angles and distances based on standard anatomical landmarks 
and home-video captured images. Nuchal ligament loading showed 
the largest estimated values at its origin on C2 in hyperflexion 
(HNP4).

Potential relevance: Modelling opens further perspectives 
to eventually estimate loading for individual horses and thus 
ergonomically optimise their HNP, which may improve the welfare 
of the sport horse during training and competition.
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Introduction
Since the publication of Ricardi and Dyson (1993) there has been a growing interest in 
the head and neck region as a potential source of pathological locomotor disturbances 
and the availability of EMG techniques (Tokuriki et al. 1999; Wijnberg et al. 2004) 
has proven to be a great asset in investigating this region. These studies proved that 
a (peri-)neuritis in combination with myelopathy and facet joint arthrosis can, as in 
man, also result in pain and disability in horses (Moore et al. 1992; Dunbar et al. 2008; 
Levine et al. 2008). Moreover, different head and neck positions (HNP) have become 
under debate in the equine community, especially in the disciplines of dressage and 
show jumping, as they might also have an effect on normal, physiological function 
(Jeffcott et al. 2006). 

The general aim of training the equine athlete is to achieve a well-balanced horse 
in harmony with its rider that is able to show its individual gait qualities (Weishaupt 
et al. 2006; Heuschmann 2007). The head and neck position is believed to be an 
important aid in achieving this goal, as it influences fore- and hindlimb kinetics and 
kinematics, as well as thoracolumbar movement (Denoix and Audigie 2001; Rhodin 
et al. 2005; Gómez-Álvarez et al. 2006; Weishaupt et al. 2006; Rhodin et al. 2009; 
Waldern et al. 2009). 

The use of specific HNPs in training is not uncontested. Recent discussion in the 
international dressage world focuses on the extremely flexed HNP ‘hyperflexion’, 
‘rollkur’ or ‘low, deep and round’ (Jeffcott et al. 2006; Heuschmann 2007; von Borstel 
et al. 2009), which is believed by some trainers to be a useful tool to improve the 
gymnastic ability that is asked from today’s high performance dressage horses and is 
rejected by others on the basis of presumed negative effects on equine welfare. 

Some recent studies on locomotion demonstrated that, although a flexed head-
neck position induced an increase in range of motion in the lumbar back in the 
unridden horse and would imply an activated use of the hindlimbs, a better step under 
the horse’s body and a more equal divided weight load between fore- and hindlimbs 
(Gómez-Álvarez et al. 2006), this effect could not be reproduced while horses were 
ridden (Rhodin et al. 2009). An extremely elevated neck, however, caused an increase 
in extension of the thoracic and lumbar back in the unridden as well as in the ridden 
horse (Gómez-Álvarez et al. 2006; Rhodin et al. 2009). Furthermore, an extremely 
elevated neck was shown to affect the functionality of the locomotor apparatus much 
more than an extremely low neck by an increase in peak vertical force in the forelimbs, 
which is, among other factors, a potential risk factor for the development of injuries 
(Biau et al. 2002; Weishaupt et al. 2006; Waldern et al. 2009). 

The evaluated and reported HNPs during exercise (GómezÁlvarez et al. 2006; 
Sloet van Oldruitenborgh-Oosterbaan et al. 2006; van Breda 2006; Weishaupt et 
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al. 2006; Rhodin et al. 2009; Waldern et al. 2009), however, are still subjective and 
have not been objectively quantified as yet. Furthermore, little is known about the 
biomechanical consequences of these HNPs for the loading of the cervical vertebrae. 

Therefore, the first objective of this study was to test whether 5 in vivo HNPs 
commonly used during training and competition in sport horses, could be objectively 
quantified in the sagittal plane from straightforward angles and distances using a home 
video camera and standard anatomical landmarks. The second objective was to test 
whether the loading on the cervical vertebrae could be calculated from an anatomical 
model, developed from measured cervical vertebral dimensions (Part 1), calculated 
centres of rotations (Part 2), determined intervertebral angle limitations (Part 3), 
earlier reported nuchal ligament properties (Part 4), and, subsequently, whether 
the model could be used to estimate the relative differences in loading between the 
objectively quantified HNPs.

Materials and methods

Horses

Seven healthy, base-level trained Dutch Warmblood Sport horses (sex: 5 mares, 2 
geldings, age: 10.3 ± 3.6 years [mean ± s.d.], height at the withers: 161.2 ± 1.4 cm, 
weight: 531 ± 47.3 kg), with no history of respiratory disease, cardiovascular disease, 
musculoskeletal or neuromuscular disorders participated in the study. Radiographic 
and ultrasound examination of their spinal column showed no abnormalities.

Head and neck positions

Videos were taken from the total group of 7 horses at the walk on a straight line in 
5 different HNPs, which were accomplished using side rains (Fig 1). The 5 HNPs, 
of which HNP1, HNP2, HNP4 and HNP5 were identical to those used in an earlier 
experiment (Weishaupt et al. 2006; Gómez-Álvarez et al. 2006; Rhodin et al. 2009; 
Waldern et al. 2009), were defined as followed (Fig 2): HNP1: Free, unrestrained, 
neutral position; HNP2: Neck raised; bridge of the nose around the vertical; HNP4: 
Neck lowered and considerably flexed; nose pointing toward the chest; HNP5: Neck 
raised and considerably extended; bridge of the nose in front of the vertical; and 
HNP7: Neck lowered and flexed; nose pointing towards the carpus. In addition, they 
were evaluated by an international dressage team to check for realistic and correct 
interpretation, and thus considered as being representative and commonly used to date
in training and competition. HNP7 was included because 2 interpretations of the 
hyperflexion, ‘rollkur’ or ‘low, deep and round’ training position were found to exist 
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among riders (HNP4 and HNP7). To accustom the horses to the experimental set-
up, they were trained in the different head and neck positions on the lunge for at 
least 3 weeks. The Animal Experimental Committee of Utrecht University (DEC) had 
approved the study.

Fig 1: From the captured video-frame at LF midstance the coordinates of the reflective markers 
were defined using free available software (Adobe Photoshop 7)4, from which the 5 head- and 
neck positions (HNPs) were objectively defined using the angles between C1-T6- horizontal 
(Angle 1), CF-C1- T6 (Angle 2), C1-CF-vertical (Angle 3), BN’- BN-vertical (Angle 4) and 
the horizontal distance between CF and TS (Distance A) and the vertical distance between CF 
and PS (Distance B).

Markers

Spherical reflective markers (Proflex)1 were glued to the skin over the dorsal spinous 
process of T6, the wing of the atlas (C1), the rostral part of the facial crest (CF), the 
suprascapular tuberculum (TS) and the lateral styloid process of the radius (PS). Two 
additional markers were placed on the horses bridle, while the bridge of the nose (BN, 
BN’) could be identified in every video frame. The known distance between these 
2 bridle markers was used as a calibration reference for the video-frame analysis. 
A home-video camera (Canon digital camcorder MV600i)2 was set on the line A–C 
perpendicular to the long side of the riding arena, where the horses were evaluated.
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Video analysis

Video analysis was performed using a custom-made software program (ImageJ 1.42)3. 
The coordinates of the reflective markers were determined using the software and 
HNPs were described by use of 4 angles and 2 distances. For each HNP the following 
angles and distances were measured (Fig 1): 

Angle 1 [C1-T6-Hor]: the angle between the wing of the atlas (C1), the dorsal 
spinous process (T6) with the horizontal. This angle has a negative value when the 
atlas is distal in relation to T6. 

Angle 2 [CF-C1-T6]: the angle between the rostral part of the facial crest (CF), the 
wing of the atlas (C1) and the dorsal spinous process of (T6). 

Angle 3 [C1-CF-vertical]: the angle between the wing of atlas (C1), the rostral 
part of the facial crest (CF) with the vertical. This angle has a negative value when the 
facial crest is more caudal in relation to the atlas. 

Angle 4 [BN’-BN-vertical]: bridge of nose with the vertical. This angle has a 
negative value when the bridge of the nose is behind the vertical. 

Distance A [CF–TS]: the horizontal distance between the rostral part of the facial 
crest (CF) and the supraglenoid tubercle (TS). 

Distance B [CF–PS]: the vertical distance between the rostral part of the facial 
crest (CF) and the lateral styloid process (PS). 

For each HNP, 5 video captures were taken per horse with the axes of the head and 
the neck in a straight line in the sagittal plane to avoid parallax errors. Measurements 
were done on the video frames captured at the walk on a straight line with the camera 
perpendicular to and on the left side of the horse and the wall of the riding arena on the 
right side of the horse at the moment, when the left front limb (LF) was at midstance 
with the left metacarpal bone in a vertical position (Figs 1, 2). For Angles 1–4 and 
the Distances A and B, the means and s.e. for the group of 7 horses were calculated.

Radiographical analysis and CT analysis

For every HNP digital L/M radiographs were made of the cervical vertebrae C2–
C7 of one of the horses of the group (Horse 1 from the group of 7 horses), while it 
was standing square with the head and neck in the sagittal plane. Therefore, the in vivo 
longitudinal angles between the cervical vertebrae (C2–C7) could be subsequently 
measured. Cervical angles were given a negative value when the corpus of the cranial 
vertebra sloped in regards to the corpus of its successive caudal vertebra.

From an additional Warmblood horse (Horse 8), which was subjected to 
euthanasia for reasons other than musculoskeletal or neuromuscular disorders, the 
ex vivo longitudinal angles between the cervical vertebrae (C2–C7) were measured 
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in 5 different positions (neutral, extension 20 and 40°, flexion 20 and 40°), which 
according to Sleutjens et al. (2010: ex vivo HNPs) would represent, respectively, the 
in vivo angles HNP 1, HNP 2, HNP5, HNP 4 and HNP7. 

The (ex vivo) CT images (Horse 8) were overlayed on top of the (in vivo) 
digital radiographical images (Horse 1) using imaging processing software (Adobe 
Photoshop 7)4 to facilitate accurate and representative cervical intervertebral angle 
measurements to feed the model. 

All data were transferred into commercially available modelling software (Delphi 
7)5. The model was based on inertial properties data of Buchner et al. (1997) and 
Gellman et al. (2002), and Gellman and Bertram (2002a,b). 

The first part in building the model was to measure the cervical vertebral dimensions 
from the ex vivo specimen (Horse 8). For this, digital images were produced of the 
vertebrae C1–T2 using a CT scan (Sleutjens et al. 2010) and a rectangle was projected 
over the vertebral corpus with the cranial head and the caudal tail as longitudinal, 
sagittal reference length. Therefore, using free software (Delphi 7) the dimensions of 
the vertebrae were determined. The following values were found C1: 4.4 cm, C2: 13.4 
cm, C3: 11.0 cm, C4: 11.1 cm, C5: 10.6 cm, C6: 9.8 cm, C7: 8.3 cm, T1: 5.9 cm, T2: 
5.9 cm, T3: 5.6 cm, T4: 5.3 cm, T5: 5.1 cm and T6: 5.1 cm. 

The second part was to calculate the centres of rotations from the same ex vivo 
specimen (Horse 8). Therefore, the position of the markers was objectively determined 
and the joint centres of rotation were determined according to the method of Reuleaux 
(1875) as well as from visual inspection. For this, videos were made of the ex vivo 
movement of the head and C1, while these anatomical structures were covered with a 
set of markers. Using commercially available software (Delphi 7) the coordinates of 
the markers in the video frames were calculated and thus the joint centre of rotation 
of C1 was determined. The other joint centres of rotation were determined in a similar 
way and supported by visual inspection: the most likely position of the joint centre of 
rotation was deduced from their intervertebral movement. 

The third part was to determine angle limitations and these were determined again 
from the ex vivo specimen (Horse 8). The maximal flexion of C1 against the caudal 
head was 96° and maximal extension 173° leaving a total range of motion of 77°. This 
value falls within the range of Clayton and Townsend (1989) for head C1 movement 
(69.7–103.1°). In the model, angle limitations are set relative to a 90° angle: for 
flexion this was set to +6° (range 90–96°) and for extension to +83° (range 90–173°). 
The other intervertebral angles were determined in a similar way and set within the 
limits provided by Clayton and Townsend (1989) and Sleutjens et al. (2010). 
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Fig 2: The 5 different HNPs evaluated in this study on the captured video-frame at LF midstance 
and in an anatomical simulation model. 

a) HNP1   
                 

b) HNP2

c) HNP4 
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d) HNP5 

e) HNP7

The last, fourth part is to use earlier reported nuchal ligament properties (Gellman 
and Bertram 2002a,b). For this, the rest length of the nuchal ligament, being 64.7 cm 
length measured from the origin on the head, was used as 100% reference (Gellman 
and Bertram 2002a,b). The model was then designed to estimate in vivo angular 
values (Table 3) for the 5 HNPs using the earlier measured intervertebral cervical 
angles (Table 2). From this model the in vivo loading on the different origins of the 
nuchal ligament (head, C2, C3, C4, C5: Fig 3) could be quantitatively estimated. For 
this, the cross section values of respectively 4.2 cm2 for origin occiput, 6.0 cm2 for 
origin C2, 1.1 cm2 for origin C3, 2.0 cm2 for origin C4 and 1.1 cm2 for origin C5 of 
Gellman and Bertram (2002a,b) were applied, which were also verified ex vivo in 
Horse 8. Furthermore, the curves of the relative length of the nuchal ligament (as % 
from rest length) and the force on its 5 different origins (in N, according to Gellman 
and Bertram 2002a,b) were used to estimate the forces at the origins occiput, C2, C3, 
C4, C5 for the 5 HNPs (Table 4).
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Fig 3: Photographic illustration of the nuchal ligament and its different parts on which the forces 
could be calculated using the data from Gellman and Bertram (2002a,b) and the simulated 
nuchal ligament length calculated from the model in the evaluated 5 HNPs.

Statistical analysis
Statistical analysis of the angle and distance data was performed in a linear mixed 
model with post hoc Bonferroni correction (P<0.05) using free software (‘R’ version 
2.8.1)6. The measured Angles 1–4 (Table 1) were statistically compared with those 
estimated from the model (Table 3) in a paired t test; the correlation between 
measured and estimated angular values was tested in a Pearson linear regression test 
using commercially available software (SPSS version 16.0)7 at a significance level of 
P<0.05.

results
For each HNP, Table 1 shows both mean and s.e. of the measured in vivo Angles 1–4 
and Distances A and B of the evaluated group of horses (n = 7). Mean angles were 
significantly different between the 5 HNPs for C1–T6 with the horizontal (Angle 1) 
and for CF–C1 (Angle 3) and bridge nose (Angle 4) with the vertical (P<0.05). For 
Angle 2 all HNPs, except for HNP2 and HNP4, were significantly different (P<0.05). 
The horizontal distance from CF to TS (Distance A) was different only between HNP1 
and all others, while the vertical distance from CF to PS (Distance B) was significantly 
different between all 5 HNPs (P<0.05). 

Table 2 shows the ex vivo measured intervertebral angles in the 5 different ex 
vivo HNPs (neutral, extension 20 and 40°, flexion 20 and 40°; Sleutjens et al. 2010), 
being comparable to each of the 5 in vivo HNPs (respectively HNP 1: -16,2°, HNP2: 
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3.6°, HNP5: 34.8°, HNP4: -33.3º and HNP7: -41.5°). In vivo HNP1 and HNP2 were 
approximately 15° underestimated by the applied ex vivo HNPs. 

The model was then further used to estimate angular values (Angles 1–4: Table 3), 
which did not appear to be significantly different from the angular values measured 
(Angles 1–4: Table 1). Moreover, there was a rather high and significant correlation 
between measured and estimated angular values in the 5 HNPs. 

The loading on the 5 different origins of the nuchal ligament was estimated (Table 
4) and appeared to be relatively largest at HNP4 and at the origin at C2 in nearly all 
positions, except at HNP5; there the relatively largest load was nearly similar to the 
relatively smallest load at HNP4.

Table 1: Mean ± s.e. in vivo measured angles (°) and distances (cm) defining different head 
and neck positions (HNP) commonly used in training and competition evaluated in a group of 
horses (n = 7)

Measured values HNP1 HNP2 HNP4 HNP5 HNP7

Angle 1  -16.2±2.1x     3.6±2.0x  -33.3±1.2x    34.8±2.0x  -41.5±1.7x

Angle 2 131.9±2.0x   87.2±1.9a   84.4±1.3a 119.2±3.8x 103.6±2.6x

Angle 3   25.7±1.7x     0.9±2.5x  -38.9±1.1x   63.9±3.6x  -27.8±1.5x

Angle 4   11.9±1.3x -12.8±2.5x  -51.7±1.8x   47.2±3.5x  -41.0±2.2x

Distance A   73.5±3.4x   43.9±1.7b   34.5±1.3c   45.5±2.1b   37.2±1.7c

Distance B   60.2±4.9x   89.8±3.0x   46.7±2.1x 144.8±3.9x   18.6±3.3x

*P<0.05; pairs a, b and c are not significantly different.

Table 2: Ex vivo objective quantification of different head and neck positions (HNP) through 
concomitant cervical vertebral body angles (°) determined from in vivo digital radiographic 
(Horse 1) and ex vivo CT images (Horse 8) in the 5 different HNPs

                                                    In vivo HNP of n=1

Measured angles
Ex vivo of HNP n=1

HNP5
Ext 40

HNP2
Ext 20

HNP1
Neutral

HNP4
Flex 20

HNP7
Flex 40

Angle C2-C3 -23.0 -29.0 -17.0  -29.0 -20.0

Angle C3-C4 -13.0 -19.0   -5.0  -21.0 -19.0

Angle C4-C5   -2.0   -6.0    5.0  -17.0 -15.0

Angle C5-C6  15.0  20.0  12.0     6.0   -9.0

Angle C6-C7  15.0  15.0  11.0   10.0    6.0
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Table 3: Estimated angular values from an anatomical model based upon cervical intervertebral 
angles C2–C7 in HNP 1, 2, 4, 5 and 7 from Table 2, n = 2)

                                                   In vivo HNP of n=1

Simulated angles HNP5 HNP2 HNP1 HNP4 HNP7

Angle 1   33.3    4.9  -16.8 -32.5  -41.2

Angle 2 120.0  86.4 132.0  84.3 104.0

Angle 3   63.7    1.3   25.4 -38.3  -27.6

Angle 4   51.3 -11.9   17.5 -47.0  -34.5

Ex vivo HNP Ext 40 Ext 20 Neutral Ext 20 Ext 40

*P<0.05 simulated vs. measured angles (Table 1).

Table 4: Estimated loading values of the nuchal ligament and its branches in different head and 
neck positions (HNP) based upon in vivo and ex vivo radiographic and CT data of 2 horses (n = 2)

                                                   In vivo HNP of n=1

Simulated loading HNP5 HNP2 HNP1 HNP4 HNP7

Strain (%) 126.0 176.0 174.0 187.0 183.0

Length (cm)   81.8 114.0 113.0 121.0 118.0

F occiput (N)   70.2 205.0 195.0 261.4 240.6

F origin C2 (N)   61.8 292.6 278.4 373.5 343.5

F origin C3 (N)   18.2   53.8   51.2   68.8   63.2

F origin C4 (N)   20.8   97.4   92.6 124.5 114.5

F origin C5 (N)   11.2   53.8   51.2   68.8   63.2

Ex vivo HNP Ext 40 Ext 20 neutral Flex 20 Flex 40

1) bold: highest L, S, F value between HNPs. 2) italic: highest F value within a HNP.

Discussion
The aim of this study was to objectively quantify 5 in vivo HNPs commonly used 
during training and competition in sport horses, based upon those used in earlier 
studies (HNP1–6). Position HNP7 was included because 2 interpretations of the 
hyperflexion, ‘Rollkur’ or ‘low, deep and round’ training position were found to exist 
among riders (HNP4 and HNP7). 

Head and neck positions could be accurately quantified in the sagittal plane and 
appeared significantly different in their 2D angles and distances. It was therefore 
possible to discriminate objectively between the HNPs that are representative for 
what is used nowadays in training and competition, using the mean angles of C1–T6 
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with the horizontal (Angle 1) and of CF–C1 with the vertical (Angle 3) in combination 
with the horizontal distance from CF to TS (Distance A) and the vertical distance from 
CF to PS (Distance B). 

The in vivo ‘hyperextended’ HNP5 (ex vivo 40° extension) was the HNP with the 
largest, most positive Angles 1, 3 and 4 and the longest vertical Distance B; in HNP2 
(ex vivo 20° extension) the Angle 3 was close to zero, the in vivo ‘neutral’HNP1 had 
the largest Angle 2 and the longest horizontal Distance A; HNP4 (ex vivo 20° flexion) 
the smallest Angles 3 and 4; the in vivo ‘hyperflexed’ HNP7 (ex vivo 40° flexion) 
was the HNP with the smallest, most negative Angle 1 and the shortest Distance B 
(P<0.05). 

The anatomical model used in this study was developed as a pilot to estimate 
the loading on the cervical vertebrae in the 5 different HNPs. To date, the HNPs of 
sport horses are under debate in the equine community. Therefore, it makes sense to 
compare relative loading values between the different HNPs used in practice. The 
estimated angular values (Table 3) in the 5 different HNPs were not significantly 
different from those measured (Table 1), which can be considered as an illustration of 
the accuracy of the anatomical model used. 

The estimated load at the different origins of the nuchal ligament all were largest at 
HNP 4 and at the origin of C2 in nearly all positions, except in HNP5, where loading 
was least and nearly similar to the smallest measured load in HNP4. These output data 
of the model, however, are estimated values and based on measurements from a single 
horse in vivo (Horse 1) and one ex vivo (Horse 8). Data are therefore preliminary and 
there is a need to more extensively test the repeatability of the output from the model 
used in this study. 

Nevertheless, it is known that mechanical nociceptive threshold (MNT) values 
vary in horses with differing subject status and ridden exercise level (Haussler and 
Erb 2006). Therefore, pressure algometers could clinically provide an objective, 
noninvasive and repeatable tool to measure mechanical nociception in horses in the 
different HNPs and thus could be used to monitor (over-)loading of the origins of the 
nuchal ligament, eventually preventing pain and dysfunction of the neck area and 
objectively evaluate the effect of manual therapy treatments (De Heus et al. 2010). 

In conclusion, the first hypothesis of this study appears to be supported. From the 
angles of C1–T6 with the horizontal and of CF–C1 with the vertical in combination 
with the vertical distance from CF–PS, we were able to objectively quantify the HNP 
in a particular horse during training and competition from home-video images. This 
enables routine (standard video) monitoring, including timing, of the applied HNPs 
during training and competition in the practical field situation. 
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Furthermore, the second hypothesis also seems to be supported. The outcome of 
the anatomical model showed possible loading difference between different HNPs and 
between different cervical regions. Although it is realised that the model presented in 
this study is in its infancy and needs further elaboration and validation, it is thought 
that the outcome contributes to our understanding of the ergonomic impact (van 
Weeren 2005) of HNPs that are requested from today’s sport horse. Further testing 
in a larger group of horses would show whether these (over-) loading differences 
indeed are structural for particular HNPs and regions. This would be of potential help 
in better understanding the occurrence and eventually in improving treatment and 
prevention of locomotor disturbances in sport horses, induced by suboptimal HNPs 
during training and competition. In this way, this approach may contribute to equine 
welfare and indirectly to promotion of the equine industry.
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Summary
Background: The impact of cervical pathology on performance is of 
great importance to the horse industry. Accurate diagnosis of cervical 
disease with imaging modalities, including CT and MRI, requires 
thorough appreciation of normal cervical anatomy.  

Objectives: 1. To describe in detail the 3-dimensional anatomy of 
the equine cervical spine by comparing anatomical sections with 
corresponding MR and contrast-enhanced CT images in the sagittal, 
dorsal, and transverse plane. 2. To discuss the ability of MR and 
contrast-enhanced CT imaging to visualize anatomical structures in 
the cervical spine. 

Animals & methods: Three cervical spines of young adults (3-8y), 
collected immediately after humane euthanasia, were used. The spine 
was stabilized on a frame in a natural flexed position with an angle of 
20 degrees. MR and contrast-enhanced CT imaging was performed 
within 6 hours after euthanasia. Anatomical sections of 1 cm were 
made in the sagittal, dorsal, and transverse plane and compared with 
corresponding CT and MR images. The intervertebral disk thickness, 
facet joint angle, amount of CSF and amount of synovial fluid within 
each facet joint were quantified.

results: The anatomic location of clinically important structures 
including the facet joints, spinal cord, cervical nerve roots and 
intervertebral disks were reliably identified in the anatomical sections 
and their corresponding MR images. Contrast-enhanced CT images 
depicted all osseous borders; MR images were superior for soft tissue 
structures. 

Conclusion & Clinical importance: This study enhances our 
understanding of normal cervical spine anatomy and the diagnostic 
usefulness of cervical MRI and contrast-enhanced CT in the horse. 

abbreviations
MR: Magnetic resonance imaging
CT: Computed tomography
CVSM: Cervical vertebral stenotic myelopathy
CSF: Cerebrospinal fluid
EMG: Electromyography
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Introduction
Cervical vertebral stenotic myelopathy (CVSM) is the leading cause of non-infectious 
spinal ataxia in horses and, therefore, of great clinical importance to the horse industry 
(Reed et al. 2008). Compression may be dynamic (only apparent in a flexed head and 
neck position) or static in origin. 

Functional stenosis can cause histological damage to the upper motor neurons of 
the cervical cord, causing ataxia. In addition, peri-articular proliferation invading the 
intervertebral foramina can cause cervical nerve root compression, neck pain, and 
fore limb lameness (Ricardi & Dyson 1993; Marks 1999). As in humans (Kitagawa 
et al. 2004), neck flexion causes an increase in intervertebral foramina dimensions 
and extension causes a decrease in foramina dimensions in the horse (Sleutjens et 
al. 2010). Electromyography (EMG) is a sensitive technique that has been used to 
measure neuromuscular functionality and diagnose lower motor neuron pathology in 
horses, including lesions in the neck (Wijnberg et al. 2004, 2009).

Two reports describe clinical disease caused by herniating cervical intervertebral 
disks in the horse (Foss et al. 1983; Jansson 2001). In other species MR imaging 
is the diagnostic modality of choice for spinal imaging, and it is of limited use for 
cervical intervertebral disk evaluation in live horses. In both humans and canines 
with cervical disease, MR imaging is used to make therapeutic decisions, particularly 
when determining if surgical intervention is indicated (Alafifi et al. 2007; Da Costa 
et al. 2007).

In the current literature, few reports describe CT (Moore et al. 1992; Claridge et 
al. 2010) and MR imaging (Mitchell et al. 2012) of the equine cervical spine. This 
is due primarily to the limited applicability of CT and MR imaging in clinical cases 
of cervical spinal disease in a live horse. However, as the modality of choice for 
diagnosing cervical spinal pathology in other species (Alafifi et al. 2007; Da Costa et 
al. 2007), the use of MR imaging in the horse will expand with future improvements 
in MR bore dimensions. To predict the clinical significance of cervical pathology 
in the horse, it is crucial to have a thorough appreciation of normal equine cervical 
anatomy using CT and MR imaging (Yu et al. 1991; Schweitzer et al. 1992; Friedrich 
et al. 2007).

This study serves two purposes: 1. To describe in detail the 3-dimensional anatomy 
of the equine cervical spine by comparing anatomical sections with corresponding 
MR and contrast-enhanced CT images in the dorsal, sagittal, and transverse planes. 
2. To describe the ability of MR and CT imaging to visualize clinically important 
anatomical structures in the equine cervical spine.
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Materials and Methods
Specimens: To minimize age related changes to the cervical spine, horses in this study 
were between 3 and 8 years of age and were euthanized for reasons unrelated to 
cervical disease; Horse 1 was a 4.5 year old Quarter horse gelding, horse 2 was a 5 
year old Paint gelding, horse 3 was a 7 year old Quarter horse stallion. At necropsy, 
the spinal cord was exposed at the level of T5-T6 and ligated with umbilical tape. 
The cervical spine was disarticulated at this level and technovit (technovit powder, 
Jorgensen laboratories Inc.)  was used to plug the cervical canal and prevent both 
cerebrospinal fluid leakage and the introduction of air into the subarachnoid space. 
The rostral part of the skull was removed, but the cranium was left intact. Skin, the 
nuchal ligament, and structures ventral to the spine were removed. The muscles 
surrounding the cervical spine were left intact. This study was approved by the animal 
care and use committee of the Mississippi State University.

Position: As  previously described (Sleutjens et al. 2010), the cervical spine was 
anchored to a wooden frame that induced 20 degrees of flexion, measured as the 
angle between a line connecting the wing of the atlas and dorsal spinous process of T6 
with the horizontal plane. This angle was previously determined in vivo to represent 
the voluntarily chosen head and neck position in 7 horses lunged without side reins 
(Elgersma et al. 2010). 

MR imaging: Within 6 hours from the time of euthanasia, the cervical spine (C1-T2) 
was imaged on the wooden frame with a 3T GE Signa Excite HDx, fixed 16 channel 
system with an 8US torsopa coil. Fast spin echo T1- and T2-weighted sequences 
were used in both the dorsal and transverse plane, and a fast spin echo T2-weighted 
sequence was used in the sagittal plane. For all sequences, a 3mm slice thickness, 
34/34 FOV, 90 degree flip angle, and 512×512 matrix size were used. Dorsal and 
sagittal plane images have a NEX of 2 and the transverse plane images have a NEX 
of 4. For each articulation, the transverse images were obtained perpendicular to the 
vertebral body of the caudal vertebra of the respective articulation. For each dorsal 
plane image, the image was obtained perpendicular to the intervertebral disk. For each 
sagittal plane, the image was obtained parallel to the long axis of the cervical canal.

CT imaging: Following MR image acquisition, the cervical spine was imaged on the 
wooden frame with a GE 64 slice Lightspeed VCT  using 140 kV and Auto mA (with 
a max of 715 and noise index of 11.38), 0.625mm slice thickness, and 512×512 matrix 
size. After the initial CT images were obtained, two 18g x 8.9 cm spinal needles 
were placed into the subarachnoid space at C3-C4 and C5-C6 respectively, using CT 
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guidance. This was cranial and caudal to C5, which was the highest point of the cervical 
spine. Contrast medium (Omnipaque, GE healthcare Inc.) (300 mg/mL; 50 ml diluted 
in 200 ml of saline) was injected through the two spinal needles simultaneously. An 
average of 200 ml of diluted contrast medium was used for each spine. Contrast-
enhanced CT images were obtained using the same imaging parameters. Multiplanar 
reconstructions were obtained from these images in the sagittal, dorsal, and transverse 
planes as described for MR imaging.

Gross Anatomic Specimens: To assure the same positioning for imaging and anatomic 
sectioning, spines were frozen on the wooden frame at -20 degrees Celsius following 
MR and CT imaging. Before anatomical sectioning, the solidly frozen spines were 
removed from the wooden frame and stabilized in a lateral plane. A fluoroscope was 
used to assure the same plane of vertebral transection as for the CT and MR slice 
planes. Horse 1 was sectioned in the dorsal plane; perpendicular to the intervertebral 
disk.  Horse 2 was sectioned in the sagittal plane; parallel to the long axis of the 
cervical canal. Horse 3 was sectioned in the transverse plane; perpendicular to the 
caudal vertebral body for each segment.  Sections of 1 cm wide were obtained with an 
electric band saw and all sections were digitally photographed with a camera (Nikon 
D300, Nikon Corporation).  

Measurements:  The mid-sagittal cranial to caudal thickness of the intervertebral 
disk lining the cervical column was measured on each mid-sagittal MR image. All 
facet joint angles were measured using the transverse contrast-enhanced CT images 
on which the joint was visible in total (Fig 10c). The most distended ventromedial 
two-dimensional projection of the synovial joint pouch was measured for each facet 
joint using the transverse MR images. The distance from the dorsal CSF line and the 
dorsal spinal cord and the distance from the ventral CSF line and ventral spinal cord 
were measured on the same transverse MR image (Fig 12b). All measurements were 
obtained with commercially available software (ImageJ, National Institute of Health).

results
The anatomic sections are presented the way they were originally photographed; the 
corresponding MR/CT images are oriented in the same direction.

Dorsal Plane: All images presented in the dorsal plane originate from horse 1. The 
facet joint consists of the caudal articular process laterally and the cranial articular 
process medially (Fig 1). The measured angles of the facet joints C3-C7 are oriented 
in a more dorsal-ventral direction than the facet joints C2-C3 and C7-T2; this is 
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best visualised in the transverse plane and quantified in table 1.  A small amount of 
synovial fluid is visible surrounded by the joint capsule and peri-articular adipose 
tissue in the gross anatomic and MR images (Fig 1a,b). Each ventromedial facet joint 
synovial projection is best visualised in the transverse plane on the MR images (fig 
12) and quantified in table 2.   The intervertebral foramen is defined by the notch in the 
vertebral body cranially and caudally (Fig 2) and by the articular processes dorsally 
and the intervertebral disk ventrally. This is best visualized in the sagittal plane (fig 
6). The cervical nerve roots are seen to branch symmetrically from the spinal cord 
in a fan like fashion, visualised in the dorsal plane on the gross anatomic and MR 
images (fig 2a,b,c). The dorsal ganglion is visible on the anatomic and MR images 
in the transverse plane (fig 9a,b and fig 11). The cervical nerve roots pass through 
their respective intervertebral foramen, best visualised in the sagittal plane (fig 6a).  
Due to the flexed position of the neck in this study, the intervertebral disk is visible 
on the gross anatomic and MR image in figure 3 which is 1 cm ventral from figure 
2a. At the level of the intervertebral disk, the cervical nerve roots have disappeared 
and the intervertebral foramen is elongated in a cranial-caudal direction (Fig 3). Both 
the cranial and caudal vertebral physes of horse 1 are apparent on the gross anatomic 
section and corresponding MR and CT images (Fig 4). 

Table 1. Facet joint angles (degrees) measured relative to the vertical in the transverse plane on 
contrast enhanced CT images (Fig 10c)

h1 h2 h3

Left Right Left Right Left Right

C2-C3 125.7 126.0 126.9 124.5 120.8 120.4

C3-C4 142.9 140.0 141.1 137.7 135.1 138.1

C4-C5 142.7 142.6 142.9 143.8 139.8

C5-C6 145.2 145.1 145.2 141.5 142.7 142.9

C6-C7 141.4 140.2 143.5 140.0 143.0 140.4

C7-T1 132.4 130.6 135.5 128.7 121.1 125.3

T1-T2 131.2 133.8 130.6 130.7 130.9 131.0

H=Horse
The left facet joint angle C4-C5 of horse 3 was not obtained, due to severe degeneration of this facet joint.

Sagittal Pane: All images presented in the sagittal plane originate from horse 2. The 
mid-sagittal plane provides visualization of the dorsal lamina, the vertebral bodies, 
including identification of compact and trabecular bone and a central nutrient foramen 
and caudal vertebral physis (Fig 5). 
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Table 2. The area of each ventromedial facet joint synovial projection (mm2), measured in the 
transverse plane on T2-weighted MR images.

h1 h2 h3

Left Right Left Right Left Right

C2-C3 26.9 30.8 30.8 34.6 23.1 26.9

C3-C4 34.6 38.5 34.6 26.9 23.1 15.4

C4-C5 46.2 61.5 46.2 50.0    * 1.9

C5-C6 46.2 61.5    ^    ^ 26.9 26.9

C6-C7 38.5 57.7 23.1 23.1 15.4 19.2

C7-T1 30.8 50.0 23.1 15.4 11.5 11.5

H=Horse
* Measurement of the synovial projection of the left facet joint C4-C5 of horse 3 was not obtained, due to 
severe degeneration of this facet joint. ^ The synovial joint projections of facet joint C5-C6 of horse 3 were 
not obtained due to the poor quality of this MR image.

The cranial vertebral physis is not apparent in the anatomic section and MR image, but 
a remnant of the physis is still visible on the CT image (Fig 5). Soft tissue structures 
as the spinal cord, CSF in the subarachnoid space, adipose tissue in the epidural space 
and intervertebral disks are visualised in the gross anatomic and MR images in the 
sagittal (Fig 5a,b) and transverse planes (Fig 7 and 8). The cranial to caudal thickness 
of the dorsal (side that is lining the vertebral canal) intervertebral disk, measured on the 
MR mid sagittal images is presented in table 3. The central grey matter and peripheral 
white matter of the spinal cord are distinguishable in the anatomic sections and the MR 
images (Fig, 5a,b). There is subjectively (Fig 5a,b and Fig 12) and quantifiably (Table 
4) more CSF present dorsolateral to the spinal cord than ventral to the spinal cord 
when looking at the anatomic specimens and MR images of all horses. The cervical 
nerve roots are seen to course caudally through their respective foramina surrounded 
by all three meninges and cushioned by adipose tissue and vessels. This anatomy is 
best visualized in the parasagittal gross anatomic sections obtained 1 cm from the 
sagittal midline (Fig 6a). On the MR images, the cervical nerve roots can be followed, 
coursing caudally (Fig 6b).  Both dorsal and ventral cervical nerves become imbedded 
in muscle tissue midway along their respective caudal vertebral body. Demarcation 
between the annulus pulposus and annulus fibrosis of the intervertebral disk was not 
clearly evident on the anatomical images or the CT images. However, on the mid-
sagittal MR image (Fig 5b) the nucleus pulposus (black) could be distinguished from 
the annulus fibrosis (white).
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Table 3. Intervertebral disk thickness (mm), measured in the mid-sagittal plane on T2-weighted 
MR images.

h1 h2 h3

DIVDT DIVDT DIVDT

C2-C3  9.0 11.3  9.5

C3-C4  7.8  8.7  9.0

C4-C5  8.5  7.4  6.0

C5-C6 10.2 12.9 10.3

C6-C7 11.1 12.1 14.9

C7-T1   * 12.6  8.1

H=Horse DIVDT=Dorsal (side lining the vertebral canal) intervertebral disk thickness
 * Measurement of the C7-T1 intervertebral disk thickness in horse 1 was not obtained, due to poor quality 
of the MR image.

Table 4. Measurements of the cerebrospinal fluid (mm), measured in the transverse plane on 
T2-weighted MR images (Fig 11b).
 

h1 h2 h3

DCSF VCSF DCSF VCSF DCSF VCSF

C2-C3 6.8 4.3 11.0 1.7 7.8 1.3

C3-C4 3.0 1.3 8.1 2.2 1.7 1.0

C4-C5 2.1 1.3 5.6 2.2 4.3 1.3

C5-C6 5.1 0.0   *   * 1.7 1.3

C6-C7 6.8 1.3 7.6 1.7 1.7 0.8

C7-T1 6.8 3.0 5.9 2.1 4.3 1.3

H=Horse DCSF: Distance (mm) from the dorsal CSF line to the dorsal spinal cord. VCSF: Distance (mm) 
from the ventral CSF line to ventral spinal cord, * CSF measurements at the level of C5-C6 were not 
obtained in horse 2, due to the poor quality of this MR image.

Transverse Plane: All images presented in the transverse plane originate from horse 
3. The transverse plane enables the best visualization of the symmetrical transverse 
processes containing the vertebral artery and vein in the transverse foramen (Fig 7, Fig 
8). The vertebral artery and vein are connected by segmental veins and arteries to the 
major vessels in the vertebral canal (i.e., the ventral spinal artery, paired dorsolateral 
spinal arteries, and vertebral venous plexus) (Dyce et al. 2002). These major vessels 
are visible in the ventral epidural space in the anatomic section (Fig 7). Horse 3 
was found to have severe degeneration with ankylosis of the left C4-C5 facet joint, 
including peri-articular bone proliferation extending into the normal subarachnoid 
space and intervertebral foramen. This bone proliferation resulted in a decreased 



The equine cervical spine comparing MRI and contrast-enhanced CT images with anatomic slices

39

C
ha

pt
er

3

space for the respective cervical nerve root and dorsal ganglion (Fig 9 and 10). At 
this site, there is loss of contrast visualization on the CT image (Fig 9c and 10c). It is 
not possible to determine if there is damage to the cervical nerve root; however, there 
is decreased space for CSF surrounding the nerve root compared with the unaffected 
contralateral side (Fig 9b and 10b). On the affected side, the smallest intervertebral 
foramen height measured 6.5 mm compared to 11.3 mm on the contralateral side (Fig 
9 and 10). In comparison, the transverse MR image at the level of C4-C5 in horse 2, 
visualises both cervical nerve roots with their dorsal ganglia (Fig 11). Synovial fluid 
is visible ventromedial to the facet joints (Fig 12) and this can be quantified on the 
MR images (Table 2). The area of each ventromedial facet joint synovial projection 
averaged 31.3 mm2 (range 1.9 to 61.5 mm2) (Table 2). 

MR versus CT images: Osseous structures and their peripheral margins were more 
easily visualized on the CT images, but osseous detail was better visualized with 
MR imaging. Soft tissues were much more easily visualized with MR imaging. The 
contrast-enhanced CT images  provided increased visualization of the subarachnoid 
space and the cervical nerve roots (Fig 5c, 9c and 10c), but the MR images provided 
further soft tissue detail  as the spinal cord tissue was not visible on the CT images. The 
white and grey matter of the spinal cord could be visualized in the anatomic sections 
and MR images (Fig 5a,b). The intervertebral disks were well defined on anatomic 
sections and MR images (Fig 5a.b). The vertebral physes and the demarcation between 
compact and trabecular bone was visible in the anatomic, MR, and CT images (Fig 5). 
However, a physeal remnant was present on the CT image of horse 2 which was not 
apparent on the anatomic or MR images (Fig 5c).   It was not possible to distinguish 
the ligamentum flavum or dorsal and ventral longitudinal ligaments on either CT or 
MR images. Articular cartilage was not visualized definitively on the CT and MR 
images. The contrast between tissue and fluid on the T2-weighted MR images made 
visualization of structures surrounding the subarachnoid space easier than on the T1 
weighted images (Fig 2b,c and Fig 12a,b).

Discussion
Magnetic resonance images were found to be superior to CT and contrast-enhanced 
images for the visualization of all visible soft tissue structures. Mitchell et al. (2012) 
demonstrated that equine cadavers with CVSM were more likely to have abnormally 
increased signal intensity within the spinal cord on T2-weighted images at the site 
of stenosis on sagittal images. However, their study demonstrated poor sensitivity 
and positive predictive value for determining the site of spinal cord compression by 
subjective analysis of MR images. Moore et al. (1992) previously demonstrated the 
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utility of contrast-enhanced CT to identify cervical spinal cord compressive lesions 
and compression of cervical nerve roots by circumferential loss of contrast agent. 

The size of the dorsal ganglion and its orientation within the intervertebral 
foramen play an important role in cervical nerve root impingement (Sleutjens et al. 
2010). This study documents that the cervical nerve root courses in a caudolateral 
direction through its respective foramen, just dorsal to the intervertebral disk and in 
close proximity to the ventromedial joint pouch of the corresponding facet joint. One 
severely degenerative facet joint was encountered in horse 3. Based on our findings, 
even with severe bone change surrounding this facet joint, no obvious spinal cord 
or nerve root compression was visible on MR images, which would be an important 
diagnostic finding in a live horse. However, at the level of C5-C6 in the same horse, 
a dorsoventral compression caused the spinal cord to change from round to a more 
oval shape and only a minimal amount of CSF could be detected at this articulation 
(Table 4). 

 An interesting finding was that in the sagittal plane (Fig 5) and transverse 
plane (Fig7-12) as well as quantified in Table 4, it was clear that there was more 
CSF present on the dorsolateral aspect of the spinal cord compared to the ventral 
aspect of the cord. It might therefore be argued, that the spinal cord is better protected 
against impingement dorsally rather than ventrally and that the total intervertebral and 
intravertebral height measurements currently used to assess spinal cord impingement 
(Hahn et al. 2008) may be less important. Occasionally, there was a complete loss of 
ventral cerebrospinal fluid on MR images due to subtle wedging of the vertebral canal 
and a bulging intervertebral disk in all three horses (Fig 5).  

Equine intervertebral disk measurements have not been previously described 
in the equine literature. All measurements in this study aim to make the visual 
description more objective and do not serve as normal values due to the small number 
of horses used.  Histology would be needed to describe the composition of the equine 
intervertebral disk in more detail. A limiting factor of this study is the fact that it 
was performed in cadavers, which might influence the location and deformation of 
certain structures. Furthermore, even though the CSF was successfully preserved, the 
natural occurring flow had obviously disappeared. However, precautions were taken 
to prevent artefacts (i.e., ligating the spinal cord, plugging the vertebral canal, leaving 
surrounding soft tissue structures intact, and rapidly imaging the spines following 
death and prior to freezing). In addition, this study could be limited by evaluating 
the cervical spines using manual flexion in a single position. As previously indicated, 
the degree of flexion, which was maintained during the freezing process, was 
chosen to represent the favoured head and neck position of the freely lunged horse 
(Elgersma et al. 2010). In human (Yu et al. 1991; Schweitzer et al. 1992; Friedrich et 
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al. 2007) and veterinary medicine (Kneissl et al. 2011), multiple descriptive studies 
are published correlating anatomic sections with corresponding MR and CT images 
to demonstrate normal and abnormal anatomy in cadavers (n≤3). These studies 
are considered to be useful in the further development of MR and (contrast) CT to 
diagnose pathophysiological conditions in the spine (Yu et al. 1991; Schweitzer et al. 
1992; Friedrich et al. 2007), which will possibly be a realistic option in the future of 
equine diagnostic imaging.

This study discusses gross anatomical sections and their corresponding CT and 
MR images, and contributes to the understanding of normal anatomy of the equine 
cervical spine, visualised by MRI and contrast CT, in young adult horses. Further 
studies are needed to compare different age groups to demonstrate the effects of aging 
and to compare the ability of different diagnostic modalities to identify clinically 
significant pathology.
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Figure 1: Dorsal plane images of horse 1, centered over the C4-C5 articulation at the level of 
the facet joint. Cranial is to the top and left is on the right. (a) Anatomic section (b) T2-weighted 
magnetic resonance image (c) Contrast-enhanced computed tomography image.

a          B           C 

A=joint capsule, B=peri-articular adipose tissue, C=cranial articular process, D=synovial fluid, 
E=caudal articular process, F=adipose tissue in epidural space
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Figure 2: Dorsal plane images of horse 1, centered over the C5-C6 articulation at the level of 
the cervical nerve roots. Cranial is to the top and left is to the left. (a) Anatomic section (b) T2- 
weighted magnetic resonance image (c) T1-weighted magnetic resonance image (d) Contrast-
enhanced computed tomography image. 

a          B           C

D

A=cranial border intervertebral foramen, B=cervical nerve roots, C=caudal border intervertebral 
foramen, D=spinal cord, E=adipose tissue in epidural space, F=dura mater

Figure 3: Dorsal plane images of horse 1, centered over the C5-C6 articulation at the level 
of the intervertebral disk. Cranial is to the top and left is to the right. (a) Anatomic section (b) 
T2- weighted magnetic resonance image (c) Contrast-enhanced computed tomography image.

a          B           C

A=cranial border intervertebral foramen, B=intervertebral disk, C=adipose tissue in epidural space, 
D=spinal cord, E=caudal border of intervertebral foramen
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Figure 4: Dorsal plane images of horse 1, centered over theC5-C6 articulation at the level of 
the transverse processes. Cranial is to the top and left is to the right. (a) Anatomic section (b) 
T2- weighted magnetic resonance image (c) Contrast-enhanced computed tomography image. 
a          B           C

A=caudal edge transverse process, B=caudal physis, C=intervertebral disk, D=cranial physis, 
E=cranial edge of transverse process

Figure 5: Mid-sagittal images of horse 2, centered over the C4-C5 and C5-C6 articulations. 
Dorsal is to the top and caudal is to the left. (a) Anatomic section (b) T2-weighted magnetic 
resonance image (c) Contrast-enhanced computed tomography image (with the wooden frame 
visible ventrally and leakage of contrast media dorsally)
a          B           C

A=grey matter of the spinal cord, B=white matter of the spinal cord, C=cerebrospinal fluid, 
D=dura mater, E=adipose tissue in epidural space, F=dorsal lamina, G=caudal physis, H=spongy 
bone, I=compact bone, J=nutrient foramen, K=intervertebral disk, L=remnant of cranial physis 
M=nucleus pulposus, N=annulus fibrosis

Figure 6: Sagittal plane images of horse 2, centered over the C4-C5 and C5-C6 articulations 
at the level of the intervertebral foramen. Dorsal is to the top and caudal is to the right. (a) 
Anatomic section (b) T2-weighted magnetic resonance Image (c) Contrast-enhanced computed 
tomography image (with the wooden frame visible ventrally and leakage of contrast media 
dorsally)
a          B           C

A=cranial border intervertebral foramen, B=cranial articular process, C=adipose tissue surrounding 
cervical nerve roots, D=synovial fluid, E=cervical nerve roots (highlighted by contrast medium in CT 
image), F=caudal articular process, G=caudal border intervertebral foramen, H=intervertebral disk
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Figure 7: Transverse plane images of horse 3, centered over the C4-C5 articulation at the level 
of mid-body C5. Dorsal is to the top and left is to the left. (a) Anatomic section. 

A=cerebrospinal fluid, B=spinal cord white matter, C=spinal cord grey matter, D=adipose tissue in 
epidural space, E=blood vessels in ventral epidural space, F=vertebral artery, G=vertebral vein, 
h=transverse process

Figure 8: Transverse plane images of horse 3, centered over the C4-C5 articulation at the level 
of the transverse processes. Dorsal is to the top and left is to the left. (a) Anatomic section (b) 
T2- weighted magnetic resonance image (c) Contrast-enhanced computed tomography image.

a          B           C

A=cerebrospinal fluid, B=spinal cord, C=adipose tissue in epidural space, D=vertebral artery, 
E=vertebral vein, F=transverse process

Figure 9: Transverse plane images of horse 3, centered over the C4-C5 articulation at the 
level of the facet joints. Dorsal is to the top and left is to the left. (a) Anatomic section (b) T2-
weighted magnetic resonance image (c) Contrast-enhanced computed tomography image.

a          B           C

A= degenerative and ankylosed facet joint, B=cerebrospinal fluid, C=spinal cord, D=cervical nerve 
root, E=vertebral artery, F=vertebral vein, G=intervertebral disk, H=adipose tissue in epidural 
space, I=dorsal ganglion
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Figure 10: Transverse plane images of horse 3, centered over the C4-C5 articulation at the 
level of the facet joints. Dorsal is to the top and left is to the left. (a) Anatomic section (b) T2-
weighted magnetic resonance image (c) Contrast-enhanced computed tomography image. The 
facet joint angle measurement is indicated by the red lines (139.8 degrees).

a          B           C

A= degenerative and ankylosed facet joint, B=cerebrospinal fluid, C=spinal cord, D=cervical nerve 
root, E=vertebral artery, F=vertebral vein, G=intervertebral disk, H=cranial articular process, 
I=caudal articular process

Figure 11: Transverse plane image of horse 2, centered over the C4-5 articulation at the level 
of the dorsal ganglion. Dorsal is to the top and left is to the left. (a) T2- weighted magnetic 
resonance image. 

A=dorsal cervical nerve root, B=ventral cervical nerve root, C=dorsal ganglion, D=intervertebral disk

Figure 12: a. Transverse plane images of horse 2, centered over the C4-5 articulation at the 
level of the ventromedial facet joint synovial projection. Dorsal is to the top and left is to the 
left. (a). T2 weighted magnetic resonance image. The red lines indicate the CSF measurements 
(DCSF=5.61, VCSF=2.17) (b) T1-weighted magnetic resonance image
a             B           

A=caudal articular process, B=cranial articular process, C=ventromedial facet joint synovial projection, 
D=adipose tissue in epidural space, E=cerebrospinal fluid, F=spinal cord, G=intervertebral disk
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Summary
Reasons for performing study: In dressage, the head and neck 
position has become an issue of concern as certain extreme positions 
may imply a welfare risk for the horse. In man, extension and flexion 
of the cervical spine cause a decrease and increase in intervertebral 
foramina dimensions, respectively. However, in horses, the influence 
of flexion and extension on foramina dimensions and its possible 
interference with peripheral nerve functioning remains unknown.

Objectives: To determine the effect of ex vivo flexion and extension 
on intervertebral foramina dimensions in the equine cervical spine.

Methods: Computed tomography was performed on 6 cadaver 
cervical spines from adult Warmblood horses subjected to euthanasia 
for reasons unrelated to cervical spine abnormalities, in a neutral 
position, in 20 and 40° extension, and in 20 and 40° flexion. 
Multiplanar reconstructions were made to obtain transverse images 
perpendicular to the long axis of each pair of intervertebral foramina 
from C2–T1. Intervertebral foramina dimensions were measured in 
the 5 positions.

results: Compared to the neutral position, 40° extension caused a 
decrease in foramina dimensions at segments C4–C5, C5–C6, C6–C7 
(P<0.001) and C7–T1 (P<0.002); 20° extension caused a decrease in 
foramina dimensions at segments C5–C6 (P<0.02), C6–C7 (P<0.001) 
and C7–T1 (P<0.01); 20° flexion caused an increase in foramen 
length at segment C6–C7 (P<0.01).

Conclusions: Ex vivo extension of the cervical spine causes a 
decrease in intervertebral foramina dimensions at segments C4–T1, 
similar to that found in man.

Potential relevance: In vivo extension of the cervical spine could 
possibly interfere with peripheral nerve functioning at segments C4–
T1. This effect may be even more profound in patients with a reduced 
intervertebral foramina space, for example in the presence of facet 
joint arthrosis.
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Introduction
Enlargement of the articular processes of the cervical vertebrae in horses has been 
described as a cause of reduction in intervertebral foramina space (Down and Henson 
2009). Clinical signs of peripheral neuropathy including localised sweating, pain, 
stiffness, reluctance to bend the neck and eventually forelimb lameness (Moore et 
al. 1992; Ricardi and Dyson 1993; Marks 1999) have been suggested to be related to 
this phenomenon. Electromyographic studies confirmed the existence in the horse of 
peripheral neuropathy caused by cervical facet joint arthrosis (Wijnberg et al. 2004, 
2009). In man, a corresponding condition, also known as cervical radiculopathy, is 
commonly found in patients with complaints of pain in the neck and shoulder region 
(Abbed and Coumans 2007). 

In man, many ex vivo as well as in vivo studies have been conducted to evaluate 
the influence of normal range of neck flexion and extension on cervical intervertebral 
foramina dimensions (Yoo et al. 1992; Humphreys et al. 1998; Lu et al. 2000; Muhle 
et al. 2001; Nuckley et al. 2002; Kitagawa et al. 2004; Ebraheim et al. 2006), local 
pressure on nerve roots (Schnebel et al. 1989; Farmer and Wisneski 1994; Hubbard 
and Winkelstein 2008) and corresponding electrophysiological findings (Sabbahi and 
Abdulwahab 1999; Morishita et al. 2006). The studies on intervertebral foramina 
dimensions documented a decrease in foramina dimensions caused by extension 
and ipsilateral bending and an increase caused by flexion and contralateral bending. 
This information proved to be helpful in the development of diagnostic as well as 
therapeutical interventions for cervical radiculopathy (Tanaka et al. 2006). A similar 
observation has been made in the horse, albeit in general terms without specific 
quantitative information per intervertebral junction (Denoix and Pailloux 2001). 

The concern in the international dressage world about the head and neck position 
of the horse mainly relates to methods in which the horse is trained with an extremely 
flexed head and neck position. This position has historically been named ‘rollkur’ 
(Meyer 1992), ‘low, deep and round’ (Janssen 2003), or ‘hyperflexion’ (Jeffcott et 
al. 2006). Recently, a redefinition of terminology was agreed upon with the terms 
‘Rollkur’ or ‘hyperflexion’ reserved for the extremely flexed position obtained in 
an aggressive way or with undue force and ‘low, deep and round’ indicating the 
same position obtained without forceful intervention (Anon 2010). Recent studies 
demonstrated that a change in head and neck position influences back kinematics 
and loading pattern of the locomotor apparatus in the unridden as well as the ridden 
high-level dressage horse. A flexed head and neck position induced an increase in 
range of motion of the thoracic and the lumbar back in the unridden horse, which 
implies an activated use of the hindlimbs, a better step under the horse’s body and 
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a more equally divided weight load between fore- and hindlimbs (Gómez Álvarez 
et al. 2006). However, the effect in the lumbar back could not be reproduced while 
ridden, whereas the thoracic area could not be investigated due to the saddle (Rhodin 
et al. 2009). An extremely elevated neck, however, caused an increase in extension of 
the thoracic and lumbar back in the unridden as well as in the ridden horse (Gómez 
Álvarez et al. 2006; Rhodin et al. 2009). An extremely elevated neck also affected the 
functionality of the locomotor apparatus much more than an extremely low neck, as 
evidenced by an increase in peak vertical forces in the forelimbs, which is a potential 
risk factor for injury (Weishaupt et al. 2006; Waldern et al. 2009). 

To our knowledge, no in vivo or ex vivo data are available regarding the influence of 
flexion and extension, related to various head and neck positions used in earlier studies 
(Gómez Álvarez et al. 2006; Weishaupt et al. 2006; Rhodin et al. 2009; Sleutjens et 
al. 2009; Waldern et al. 2009), on cervical intervertebral foramina dimensions in the 
horse. This information could contribute to a greater understanding of the effect of 
training techniques regarding the head and neck position in healthy horses as well as 
in horses suffering from pathological conditions in the neck. 

The aim of the present study was to investigate quantitatively the effect of ex vivo 
flexion and extension on intervertebral foramina dimensions in the healthy equine 
cervical spine.

Materials and methods

Cervical spines

Six freshly harvested equine cadaver spines (C2–T2) were obtained from adult horses 
(mean ± s.d. age 15 ± 3 years; 5 Dutch Warmbloods, one Westfaler; 5 geldings, one 
mare) subjected to euthanasia for reasons not related to pathology of the cervical 
region. All the musculature, except for the Musculus multifidus cervicis and Musculus 
longies colli, was dissected from the specimens within 24 h after death. Care was 
taken not to damage the joint capsules and ligaments. The specimens were then stored 
at -20°C until studied.  

One equine cadaver spine (C1–T13), dissected as described, was used to make 5 
wooden frames to fixate the spines and simulate the desired positions. This spine was 
firmly anchored to a table, so that there was no movement from T6–T13. A horizontal 
line from the top of the spinous process of T6 until the wing of the atlas was defined 
as the neutral position. Then the cervical spine was flexed (20º and 40°) and extended 
(20º and 40°) by manual force in, respectively, a ventral-caudal and dorsal-caudal 
direction. The positions were defined by the previously mentioned angle in order to 
compare these ex vivo angles to in vivo measured head and neck positions (Sleutjens et 
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al. 2009). In each position, the ventral line of the dissected neck was used to construct 
5 wooden frames (Fig 1).

Figure 1. Typical example of a neck fixated in a neutral position in a wooden frame, for CT 
measurements in the median and transverse plane (C2-T1).

Computed tomography

After thawing, each specimen (C2–T2) was firmly anchored to each frame. In each 
position, computed tomography of the cervical spine was performed with a single 
slice helical CT scanner (Philips Secura)1, using 120 kV, 220 mA, 1 s scanning time 
and 2 mm thick contiguous slices.

Measurements

Reconstructions of the original images in a median plane were used to measure the 
angles between adjacent cervical vertebrae in the different positions. The angle of each 
vertebra was defined as the measured angle between the line parallel to the bottom of 
the vertebral canal and the vertical running through its caudal extremity (Fig 2). The 
angle between adjacent vertebrae was calculated by subtracting adjacent angles, for 
example the angle of C3 minus the angle of C2. 
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Multiplanar reconstructions were made to obtain images of each vertebral 
transition in a transverse plane, running from the caudal extremity of the vertebral arch 
of the cranial vertebra to the vertebral head of the caudal vertebra (Fig 2). From these 
transverse images the smallest height of each intervertebral foramen was measured 
between the articular process of the cranial vertebra and the vertebral body of the 
caudal vertebra, using commercially available software (ImageJ)2 (Fig 3). The length 
of each intervertebral foramen was calculated from the number of images on which 
the foramen was visible multiplied by the thickness of the slices (2 mm).

Figure 2. Typical example of a median CT image of the cervical spine (C2-T2) in the neutral 
position. Vertical line at C4; the angle between the line parallel to the bottom of the vertebral 
canal and the vertical running through the caudal extremity is measured for C4. Oblique line at 
segment C5-C6, defines the transverse plane; from the caudal extremity of the vertebral arch of 
the cranial vertebra to the vertebral head of the caudal vertebra for C5-C6.
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Figure 3. Typical example of how intervertebral height was measured between the articular 
process of the cranial vertebra and the vertebral body of the caudal vertebra in the transverse 
plane, created as illustrated in Figure 2.

Statistical analysis

Statistical analysis was performed with software analysis packet R version 2.8.1. Data 
were considered as continuously dependent data with horse as the experimental unit. 
Changes resulting from the different positions were assessed by pair wise comparisons. 
Models were tested by comparing the maximum of likelihoods. Differences were 
tested in a full 2-way factorial mixed linear model with random intercept and 
segment as random slope. Normality was tested by plotting the residuals in a P-P 
plot. Regression analysis was performed with a general linear model. Significance 
level was set at *P<0.05 or **P<0.001 after post hoc Bonferroni correction. Means are 
expressed as ± s.d.

results

Angles between adjacent cervical vertebrae

Compared to the neutral position, extension of 40° caused a more positive angle between 
adjacent vertebrae C4–C5, C5–C6, C6–C7 and C7–T1 (P<0.001). Extension of 20° 
caused a more positive angle between adjacent vertebrae C5–C6, C6–C7 and C7–T1 
(P<0.001). Flexion of 20° caused a more negative angle between adjacent vertebrae 
C2–C3 (P<0.044), flexion of 40° did not cause significant differences (Table 1). 

Compared to 40° extension, flexion of both 20º and 40° caused a more negative 
angle between adjacent vertebrae C4–C5, C5–C6, C6–C7 and C7–T1 (P<0.001). 
Compared to 20° extension, flexion of both 20° and 40° caused a more negative angle 
between adjacent vertebrae C5–C6, C6–C7 and C7–T1 (P<0.001). Extension of 40° 
caused a more positive angle between adjacent vertebrae C4–C5 (P<0.001) and C5–
C6 (P<0.0072) than 20° of extension (Table 1).
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Table 1. Mean ±sd of ex vivo angles between adjacent cervical vertebrae measured in the 
median plane, as illustrated in Figure 2 (n=6).

C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 C7-T1

Extension 40º -11.0±5.9 -12.3±3.4   -0.8±4.5**    6.2±3.4**  13.0±4.6** 25.3±5.2**

Extension 20º   -8.8±8.7 -15.8±3.4 -15.3±1.5   -2.7±5.6**    7.7±8.2** 23.5±5.4**

Neutral -15.0±5.5 -17.7±3.4 -18.3±2.1 -13.2±3.1   -6.5±6.1   8.0±6.8

Flexion 20º   -7.8±9.1* -14.8±5.0 -21.0±3.6 -14.7±2.6 -11.0±3.5   2.3±4.0

Flexion 40º   -9.8±8.8 -18.5±3.6 -17.0±1.8 -14.7±2.3 -11.2±4.3   3.8±4.1

*Statistical significance p<0.05** p<0.001, including Bonferroni Post-hoc correction 

Intervertebral foramina height

In the neutral position foramina height was greatest at C6–C7 and decreased both 
cranially and caudally. Compared to the neutral position, extension of 40° caused 
a decrease in foramina height at segments C4–C5, C5–C6, C6–C7 and C7–T1 
(P<0.001). Extension of 20° caused a decrease in foramina height at segments C5–C6 
(P<0.016), C6–C7 and C7–T1 (P<0.001). The most profound effect on height was 
seen at segment C6–C7 (Table 2). 

Compared to the neutral position, flexion caused no statistical significant effect on 
foramina height. Compared to 40° of extension, flexion of both 20º and 40° caused an 
increase in foramina height at segments C4–C5, C5–C6, C6–C7 and C7–T1 (P<0.001). 
Compared to 20° of extension, flexion of both 20º and 40° caused an increase in 
foramina height at segments C5–C6, C6–C7 and C7–T1 (P<0.001). Extension of 
40° caused a greater decrease in foramina height at segments C4–C5 (P<0.001) and 
C5–C6 (P<0.002) than 20° of extension. Flexion of 40° caused a greater increase in 
foramina height at segment C6–C7 (P<0.002) than 20° of flexion (Table 2).

Table 2. Mean ±sd of ex vivo intervertebral foramina height (mm), measured in the transverse 
plane as illustrated in Figure 3 (n=6).

C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 C7-T1

Extension 40º 11.1±3.6 11.6±1.8   8.6±1.3**   7.2±2.6**   7.5±2.1** 10.2±3.3**

Extension 20º 11.4±3.7 13.7±3.1 14.9±2.2 11.9±3.3*   8.6±3.9** 11.2±2.8**

Neutral 10.3±3.4 13.6±4.2 15.3±2.9 15.7±1.9 19.9±5.8 17.5±3.8

Flexion 20º 10.9±4.5 14.0±3.8 16.2±3.0 17.6±3.0 18.4±4.5 19.7±4.4

Flexion 40º 11.1±4.0 14.6±2.9 15.4±2.6 17.9±3.1 23.1±8.3 20.4±4.0

*Statistical significance p<0.05** p<0.001, including Bonferroni Post-hoc correction 
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Intervertebral foramina length

In the neutral position foramina length was greatest at C7–T1 and decreased cranially. 
Compared to the neutral position, extension of 40° caused a decrease in foramina 
length at segments C4–C5, C5–C6, C6–C7 (P<0.001) and C7–T1 (P<0.002). 
Extension of 20° caused a decrease in foramina length at segments C5–C6 (P<0.011), 
C6–C7 (P<0.001) and C7–T1 (P<0.01). Flexion of 20° caused an increase in foramina 
length at segment C6–C7 (P<0.01). The most profound effect on length was seen at 
segment C6–C7 (Table 3).  

Compared to 40° of extension, flexion of both 20° and 40° caused an increase in 
foramina length at segment C4–C5, C5–C6, C6–C7 and C7–T1 (P<0.001). Compared 
to 20° of extension, flexion of both 20° and 40° caused an increase in foramina length 
at segment C5–C6 (P<0.003, P<0.005, respectively), C6–C7 (P<0.001) and C7–T1 
(P<0.002, P<0.001, respectively). Extension of 40° caused a greater decrease in 
foramina length at segment C4–C5 (P<0.001) than 20° of extension. There was no 
significant difference in foramina length between 20° and 40° of flexion (Table 3). 

Regression analysis demonstrated a significant correlation between intervertebral 
foramina height and length at segment C4–C5 of r2 = 0.38 (P<0.001), C5–C6 of r2 = 
0.34 (P<0.001) and C6–C7 of r2 = 0.41 (P<0.001) (Fig 4).

Figure 4. Regression analysis between intervertebral foramina length and height for segments 
C4-T1.
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Table 3. Mean ±sd of ex vivo intervertebral foramina length (mm), measured in the transverse 
plane (n=6).

C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 C7-T1

Extension 40º 36.6±5.6 37.0±5.4 35.8±1.6** 35.0±2.3** 34.0±3.9** 40.5±3.6*
Extension 20º 38.5±4.8 38.3±4.4 40.0±2.8 37.5±2.4* 34.6±3.0** 40.0±5.2*
Neutral 36.8±5.4 38.7±4.9 40.3±2.8 40.6±2.7 40.2±4.3 44.1±3.7

Flexion 20º 36.1±6.8 39.5±4.9 41.3±3.0 41.0±2.9 43.2±5.0* 45.2±4.2

Flexion 40º 37.8±5.8 38.7±5.5 40.5±3.0 40.8±3.1 41.7±5.2 45.3±3.8

*Statistical significance p<0.05** p<0.001, including Bonferroni Post-hoc correction 

Discussion
The present study demonstrates that compared to the neutral position, extension of 
the equine cervical spine causes a significant decrease in intervertebral foramina 
dimensions at segments C4–T1. Furthermore, compared to the extended positions, 
flexion of the spine causes a significant increase in intervertebral foramina dimensions 
at segments C4–T1. These results are in concurrence with human studies (Yoo et al. 
1992; Humphreys et al. 1998; Lu et al. 2000; Muhle et al. 2001; Nuckley et al. 2002; 
Kitagawa et al. 2004; Ebraheim et al. 2006). 

The lower cervical segments C4–T1 were shown to be mainly responsible for the 
total amount of flexion and extension in the equine cervical spine, which is consistent 
with findings by others (Clayton and Townsend 1989). A possible explanation for 
this phenomenon is that the caudal facet joints have a progressively more medial 
orientation, which is associated with an increase in the range of movement (Clayton 
and Townsend 1989). In this study, the extended positions had a greater effect on the 
angle between adjacent vertebrae and on intervertebral foramina dimensions than the 
flexed positions. This could be caused by the definition of the neutral position in which 
the cervical spine was already somewhat extended. It would have been more accurate 
to define the neutral position as a horizontal line between the transverse process of T1 
and the wing of the atlas. However, the aim to relate these ex vivo positions to in vivo 
measured angles made it necessary to use the angle between the spinous process of 
T6 and the wing of the atlas and to use a maximum of 40° of flexion and extension. 
Additionally, we compared the flexed to the extended positions to demonstrate that 
flexion did indeed cause an increase in intervertebral foramina dimensions. 

To place the specimens accurately in the frames, it was necessary to remove most 
of the surrounding muscles. This, together with the fact that we simulated flexion 
and extension by manual force, must be kept in mind when relating the results to 
the in vivo situation. However, human studies performed on intervertebral foramina 
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dimensions, showed comparable results between ex and in vivo studies (Yoo et al. 
1992; Humphreys et al. 1998; Lu et al. 2000; Muhle et al. 2001; Nuckley et al. 2002; 
Kitagawa et al. 2004; Ebraheim et al. 2006). Other soft tissue structures, such as the 
intervertebral discs, were not taken into account. These were deemed to be of no 
particular importance for the present study because, although they can admittedly 
influence the intervertebral angles, they will have no direct effect on foramen size. 

The results of this ex vivo study suggest that an increase in extension of the healthy 
equine cervical spine could have an effect on the functionality of the cervical nerve 
roots at segment C4–T1. In patients with a reduced intervertebral foramina space, for 
example in the presence of facet joint arthrosis, or in case of a cervical intervertebral 
disk prolapse (Jansson 2001) this effect could be even more profound. Flexion on the 
other hand may, through the opening of the intervertebral foramina, help in relieving 
pain from possible constrictions or irritations in the area, as observed earlier by 
Denoix and Pailloux (2001). 

In horses, symptoms similar to human patients suffering from cervical radiculopathy, 
e.g. forelimb lameness unrelated to primary forelimb pain in combination with 
neck pain and scapular muscle atrophy, have been documented in association with 
radiographic abnormalities of the cervical vertebrae (Ricardi and Dyson 1993; 
Marks 1999). Additionally, Moore et al. (1992) documented intervertebral foramina 
impingement on nerve roots, using post mortem contrast-enhanced computed 
tomography. More recent studies using electromyography (EMG) demonstrated the 
association between peripheral neuropathy and cervical facet joints arthrosis seen on 
radiography (Wijnberg et al. 2004, 2009). 

Human cervical radiculopathy is a commonly found condition that usually results 
from compression and inflammation of the cervical nerve root or roots at or near the 
intervertebral foramen (Abbed and Coumans 2007). The cause of pain due to cervical 
radiculopathy is usually multifactorial. It is generally thought that, in addition to 
mechanical compression, ischaemic change within or around the neural tissue, leading 
to local axonal inflammation and degeneration, is important in the development of 
pain (Kitagawa et al. 2004). 

Nerve root compression results from the interplay between the foramina 
dimensions, nerve root size and location of the nerve root within the intervertebral 
foramen. The dorsal root ganglions are the largest neural structures in the cervical 
spine other than the spinal cord. In man, it is known that the position of the dorsal root 
ganglions can vary among spinal levels and individuals. This implies that intervertebral 
foramina stenosis cannot be diagnosed using only intervertebral foramina dimensions 
and that the critical dimensions of the intervertebral foramen may vary among levels 
and individuals (Kitagawa et al. 2004). 
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In conclusion, our study demonstrated that extension and flexion of the neck cause 
a decrease and increase in foramina dimensions in the lower C4–T1 equine cervical 
spine, respectively, as measured in transverse slices, with the most extreme effect seen 
at segment C6–C7. In our opinion, these results offer new possibilities for further, in 
depth neuromuscular research, which will add to our understanding of the effect of 
head and neck position in healthy horses as well as in patients with cervical facet joint 
arthrosis.
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Summary
Reasons for performing study: There has been growing interest in 
training techniques with respect to the head and neck position (HNP) 
of the equine athlete. Little is known about the influence of HNP on 
neuromuscular transmission in neck muscles.

Objective: To test the hypothesis that different HNPs have effect on 
single fibre (SF), quantitative electromyographic (QEMG) examination 
and muscle enzyme activity directly after moderate exercise.

Methods: Seven Warmblood horses were studied using a standard 
exercise protocol in 5 HNPs: HNP1: unrestrained; HNP2: neck 
raised; bridge of nose around the vertical; HNP4: neck lowered 
and considerably flexed, bridge of nose pointing towards the chest; 
HNP5: neck raised and considerably extended; bridge of nose in 
front of the vertical; HNP7: neck lowered and flexed; bridge of nose 
pointing towards the carpus. Mean consecutive difference (MCD) of 
single muscle fibre potentials and motor unit action potential (MUP) 
variables (amplitude, duration, area, turns and phases) were recorded 
in each fixed position directly after exercise at rest using commercial 
EMG equipment. Muscle enzyme activity was measured before and 4, 
6 and 24 h after exercise.

results: Mean consecutive difference in all HNPs was higher than 
in HNP1 (22 ms, P<0.001) of which HNP4 was highest with 39 ms 
compared to 30 ms in HNP2 (P= 0.04); MCD in HNP 5,7 was with 
25 ms lower than in HNP 2 and 4 (P<0.001). Odds ratio for MCD 
suggestive for conduction delay or block was 13.6 in HNP4 compared 
to HNP1 (P<0.001). Motor unit action potential variables followed 
the same pattern as MCD. Lactate dehydrogenase (LDH) activity 
increased in HNP4 at 4 h (P = 0.014), 6 h (P = 0.017) and 24 h (P = 
0.038) post exercise and in HNP5 and HNP7 at 4 h (P = 0.037; 0.029).

Conclusions and clinical relevance: HNP4 in particular leads to 
a higher rise in LDH activity, MCD and MUP variables, indicating 
that HNPs have effect on variables characterizing neuromuscular 
functionality.
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Introduction
Various methods are used in the training of dressage and jumping horses to achieve 
a well-balanced horse able to show its qualities in the jumping or dressage arena. 
Among riders, it is generally believed that altering the head and neck position (HNP) 
is an important aid in achieving this goal (Weishaupt et al. 2006). Concern has been 
raised in the public opinion regarding the effect of a deeply flexed HNP on the welfare 
of horses. This position has been named ‘rollkur’ (Meyer 1992), ‘low, deep and round’ 
(Janssen 2003) or ‘hyperflexion’ (Jeffcott et al. 2006). A change in HNP does influence 
back kinematics and loading pattern of the locomotor apparatus in the unridden as 
well as in the ridden high level dressage horse (Gómez Álvarez et al. 2006, Weishaupt 
et al. 2006; Rhodin et al. 2009; Waldern et al. 2009). These studies discuss the effects 
of this training method without resulting in a clear-cut conclusion. Although the FEI 
recognised that training with an extreme flexed HNP may be a risk for the welfare of 
the horse (Jeffcott et al. 2006), it remains uncertain on what topic of welfare or to what 
extent this training technique could possibly have an effect on the well-being of the 
equine performance individual. This uncertainty validates more research on this topic. 

In the study described below, the effect of various HNPs on neuromuscular 
functionality was investigated using a combination of diagnostic techniques. 
Quantitative electromyography (QEMG) has proved to be useful in revealing myopathy 
or neuropathy at various stages of disease (Sonoo and Stålberg 1993; Montagna et al. 
2001; Wijnberg et al. 2002a, 2003a, 2004, 2006; Fuglsang-Frederiksen 2006; Daube 
and Rubin 2009). In addition training adaptation can also be elucidated using this 
technique (Gabriel et al. 2006; Wijnberg et al. 2008). In human medicine, 2 types 
of tests are commonly used to study neuromuscular transmission, repetitive nerve 
stimulation and single fibre (SF) EMG (Stålberg and Trontelj 1997). Montagna et al. 
(2001) evaluated neuromuscular transmission using repetitive stimulation of the nerve 
trunk in many muscles in addition to studying nerve conduction velocities. 

Single fibre EMG is useful in elucidating neuromuscular transmission in man 
(Trontelj and Stålberg 1995; Sanders and Stålberg 1996; Stålberg and Trontelj 
1997; Padua et al. 2001, 2007) and dogs (Añor et al. 2003) and is considered the 
most sensitive in vivo test to measure abnormal human neuromuscular transmission 
(Sanders 2002). The human neurophysiological techniques have been applied to other 
animal species following the same principles (Andrews 1998; Montagna et al. 2001; 
Añor et al. 2003; Wijnberg et al. 2003b) therefore making the idea acceptable that 
single fibre EMG can also be used to evaluate neuromuscular transmission in the 
horse. 

Single fibre EMG allows precise study of the microphysiology of the motor unit. 
The physiological parameters that can be quantified include impulse transmission along 
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the intramuscular axon collaterals, pre- and post synaptic events at the neuromuscular 
junction, and muscle fibre membrane properties (Trontelj and Stålberg 1995). In 
the normal muscle, a large excess of acetylcholine and an overload of acetylcholine 
receptors needed for the generation of an endplate potential are present in the endplate 
zone in order to serve as a built-in safety feature. Single fibre EMG allows evaluation 
of a small portion of the muscle and of a portion of the nerves across a suspected 
area, making it suitable to detect subtle changes that conventional conducting studies 
cannot detect (Padua et al. 2001). The latency from the stimulus to the response 
varies and is called ‘jitter’. It becomes increased whenever the ratio between the 
action potential threshold and end plate potential becomes increased. In diseases of 
abnormal neuromuscular transmission this jitter becomes increased and is expressed 
as the mean value of consecutive differences of the successive interpotential intervals 
calculated from the formula (IPI1 - IPI2) + (IPI2 - PIP3) + . . . + IPIn-1 - IPIn) divided 
by (n - 1). IPI1 is the stimulus response interval in case of stimulated single fibre EMG 
(Sanders and Stålberg 1996) (Fig 1). 

In the present study, a combination of modern neurophysiological diagnostic 
techniques was used to test the hypothesis that alterations of HNPs influencing 
intervertebral foramina dimensions in the equine cervical spine (Sleutjens et al. 2010), 
in healthy, base-level trained Warmblood riding horses directly following moderate 
lunging exercise, will alter neuromuscular functionality.

Figure 1: Illustration of the mean consecutive difference (MCD) of successive interpotential 
intervals measured in the quick rising phase of the waveform.

Materials and methods

Horses

Seven healthy, base-level trained Royal Dutch Sport horses (5 mares and 2 geldings; 
mean age 10.3 ± 3.6 years; mean height at withers 161.2 ± 1.4 cm; mean weight 531 
± 47.3 kg) with no disease history participated in the study. No abnormalities were 
found on full clinical examination including neurological examination. Radiographic 
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and ultrasound examination of their cervical spinal column showed no abnormalities. 
To accustom the horses to the experimental set-up, they were trained in the different 
HNPs on the lunge for at least 3 weeks according to the experimental design below. 
This study was approved by the Committee on Animal Welfare of Utrecht University.

Experimental design

Each horse performed a standardised exercise test on the lunge in the anticlockwise 
direction; warming-up (1 min walk, 3 min trot, 1 min canter, unrestrained) followed 
by trot1 (10 min, heart rate [HR] 101 ± 8 beats/min), canter (4 min, HR 128 ± 11 beats/
min), trot2 (5 min, HR 104 ± 8 beats/min), walk (5 min, HR 73 ± 8 beats/min) and 
cooling-down (5 min walk, unrestrained). After the warming-up, the predetermined 
HNP was accomplished using side reins. The 5 standard, predetermined HNPs, of 
which HNP1, HNP2, HNP4 and HNP5 were positioned comparable to those used 
in an earlier experiment (Gómez Álvarez et al. 2006; Weishaupt et al. 2006; Rhodin 
et al. 2009; Waldern et al. 2009) (Fig 2). In addition, they were discussed with an 
international dressage team and a researcher of the formerly mentioned research 
group to check for realistic and correct interpretation. HNP7 was included because 2 
interpretations of the rollkur training position were found to exist among riders. The 
correct HNPs were determined based on the study of Elgersma et al. (2010) (Table 
1). SF- and QEMG were performed in the same session with the horse standing still 
in the fixed HNP directly after the exercise test before the cooling down. Pre- and 
post exercise HNP1 were measured in all horses at the start of the measuring period, 
after acclimatization of the horses to the training, the other HNPs were measured post 
exercise in a random order. There were at least 2 days between each measurement 
with the exception of HNP1.

Figure 2: Head and neck positions 

a) HNP1   b) HNP2   c) HNP4    d) HNP5           e) HNP7

HNP: head and neck position. HNP1: Free, unrestrained, control posture. HNP2: Neck raised bridge of the 
nose around the vertical.HNP4: Neck lowered and considerably flexed with the nose pointing toward the 
chest.HNP5: Neck raised and considerably extended with the bridge of the nose in front of the vertical. 
HNP7: Neck lowered and flexed with the nose pointing towards the carpus.
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Table 1. Mean ± sd angles and distances defining the head and neck positions in the group of 
horses (n=7)

Angle 1 Angle 2 Angle 3 Angle 4 Distance a Distance B

HNP 1 -16.2 ±5.4 131.9±5.4   25.7±4.5   11.9±3.5 73.5±9.1   60.2±12.8

HNP 2    3.60±5.4   87.2±5.0    0.9±6.6 -12.8±6.7 43.9±4.4   89.8±7.9

HNP 4 -33.3±3.2   84.4±3.4 -38.9±2.8 -51.7±4.9 34.5±3.3   46.7±5.6

HNP 5  34.8±5.2 119.2±9.9   63.9±9.4  47.2±9.2 45.5±5.4 144.8±10.4

HNP 7 -41.5±4.6 103.6±6.9 -27.8±4.0 -41.0±5.9 37.2±4.4   18.6±8.7

Angle 1: T6-wing of atlas with the horizontal.Angle 2: T6-wing of atlas-lower part of the facial crest.Angle 
3: Wing of atlas-lower part of the facial crest with the vertical.Angle 4: Bridge of nose-vertical. Distance 
A: The horizontal distance between the vertical lines passing through the lower part of the facial crest and 
the supraglenoid tubercle of the scapula.Distance B: The vertical line between the horizontal lines passing 
through the lower part of the facial crest and the lateral styloid process of the radius (for illustration see 
figure 1)

Body temperature

Rectal temperature was measured by a commercial digital thermometer (Microlife, 
MT 1831)1, before exercise, at the end of exercise and at the end of the EMG 
measurements.

Muscle enzyme activity

Muscle enzyme activities creatine kinase (CK), lactate dehydrogenase (LDH) and 
aspartate aminotransferase (ASAT) were measured using a Synchron CX52 from 4 ml 
heparinized blood taken form the jugular vein before exercise and 4, 6 and 24 h post 
exercise. Heparin plasma was separated directly after sampling and stored at -20°C 
overnight until analysed.

Selection of the muscle

For both QEMG and stimulated single fibre EMG, the muscle selection and location 
to be measured were based on 3 other studies (Wijnberg et al. 2009a,b; Sleutjens 
et al. 2010). A study preparing for this study determined that the largest significant 
effects of flexion and extension on intervertebral foramina height and length occurred 
in the segment C6–C7 (Sleutjens et al. 2010). In combination with the knowledge 
that cervical pathology especially in this segment is a common cause of neurological 
problems in equine athletes (Moore et al. 1992; Levine et al. 2008), this segment was 
chosen as study object. The segments in between 2 vertebrae were identified in vivo 
by manual palpation of the transverse processes based on studies of Wijnberg et al. 
(2009a,b). 
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QEMG of the serratus ventralis muscle 

Details on definition, materials and methods of EMG examination can be found 
in previous publications (Wijnberg et al. 2002b,c,d). In brief, EMG signals were 
recorded using a portable apparatus (Viking Quest EMG system; software version 
11.0)3 connected to a portable computer to record and store signals with disposable 
concentric needle electrodes (26 gauge concentric EMG needle, length 50 mm; 
diameter 0.45 mm; sampling area 0.07 mm)4. A surgical pad attached to the horse with 
a girdle placed directly behind the withers and connected to the preamplifier served 
as the ground electrode. The area was swabbed with alcohol and the pad covered with 
electrode gel for optimal contact. Frequency bandwidth was 5–10 kHz. Sweep speed 
was 10–20 ms/division. The sensitivity of the oscilloscope was set at 50–100 mV 
for spontaneous activity and at 100–500 mV/division for motor unit action potential 
(motor unit action potentials) recording depending on the size of obtained motor unit 
action potentials. 

EMG recordings of motor unit action potentials 

Insertional activity, pathological spontaneous activity (PSA) and motor unit action 
potentials were recorded per segment of the cervical part of the left serratus ventralis 
muscle 5–10 cm rostral of the cranial border of the subclavian muscle (Fig 3). At 
least 3 insertions and 3 directions per insertion were made per session in this area. 
The needle was redirected several times and, by selecting sharp sounding motor unit 
action potentials while the needle was withdrawn with 3 mm increments, sampling was 
performed throughout the indicated muscle area maximally 3–4 cm deep (Wijnberg 
et al. 2002b,c,d, 2009a,b). Motor unit action potentials were selected partly in an 
automatic way, using a trigger line that selects identical motor unit action potentials 
above chosen amplitude. The 20–30 motor unit action potentials per horse per HNP 
included for analysis had a maximal rise time of 0.8 ms and were identically firing 
at least 4 times. The EMG equipment automatically provided individual motor unit 
action potentials amplitude, duration and number of phases including calculation of 
mean. The automatic motor unit action potentials selection was manually filtered 
from non-identical motor unit action potentials within a recording and the end marker 
of duration was manually corrected if necessary (Sonoo and Stålberg 1993; Kimura 
2001a). Number of turns and the ratio of motor unit action potentials area : amplitude 
were calculated manually.
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Figure 3: The (SF) EMG needles were placed in the left M. Serratus ventralis cervicis, rostral 
to the M. Subclavius, dorsal/caudal to the M. Brachiocephalicus and ventral/rostral to the M. 
Trapezius pars cervicis.

Stimulated single fibre EMG

The same portable EMG apparatus as mentioned above was used. A single fibre EMG 
needle electrode (40 mm long, 0.45 mm diameter)4 was used to record the single fibre 
muscle action potentials. Filter settings were set at 10 kHz for the high frequency 
filter and at 500 Hz for the low frequency filter. Sensitivity was 0.2–1 mV/cm, sweep 
speed was 1 ms/cm. Two monopolar Teflon coated needle electrodes (length 37 
mm, diameter 0.46 mm, sampling area 0.34 mm2)4 were placed i.m. 3 cm apart in 
the cervical part of the left serratus ventralis muscle, 5–10 cm rostral of the cranial 
border of the subclavian muscle (Fig 3) around 3 cm deep and served as stimulating 
electrodes. Stimulation frequency was set at 1 Hz for locating the action potential, for 
capture this was 3–5 Hz (stimulus duration was 0.05 ms) (Kimura 2001b). Motor point 
location was identified by subtle movements of the cathode of the monopolar needle 
in combination with adjusting the stimulating current until slight muscle twitching 
was induced. The SF needle electrode was inserted into the twitching portion of the 
muscle belly, 1–2 cm distant to the stimulation electrodes. Stimulating current was 
increased to supra-maximal stimulation until maximum amplitude was generated in 
combination with no latency reduction from the same muscle fibre. For each HNP at 
least 30 muscle fibres were studied, in which 50–80 consecutive single muscle fibre 
action potentials were recorded per muscle fibre if the amplitude was at least 300 mV 
and rise-time shorter than 300 ms (Kimura 2001b). Latencies of the evoked SF action 
potentials were measured from the stimulus artefact to the quick rising phase on the 
positive-negative aspects of the waveform. Mean consecutive difference (MCD) was 
calculated automatically by the incorporated software in the single fibre EMG program 
of the EMG machine for each muscle fibre. Mean MCD (Fig 1) was calculated by the 
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EMG software based on 50–80 consecutive single muscle fibre action potentials per 
muscle fibre studied (n≥30 per horse per HNP).

Statistical analysis

Post exercise data of HNP1 were used as reference. Differences between HNPs for 
muscle enzyme activity, motor unit action potentials variables and MCD were tested 
using a linear mixed model, with head and neck position as fixed effect, random 
intercept and horse as experimental unit using SPSS version 15.05. Differences in 
muscle enzyme activity, motor unit action potentials variables and MCD values 
were transformed to natural logarithms (ln) in order to obtain normal distribution 
and enable statistical analysis. Geometric mean (gmean) was calculated from back 
transformation of mean ln values. Odds ratio for risk on pathological range MCD was 
calculated and tested in a general linear model with software analysis packet R version 
2.8.16. Paired t tests were performed to calculate rectal temperature differences before 
and after exercise. Experiment wise, significant levels were set to P<0.05 after post 
hoc Bonferroni correction.

results

Temperature

Before exercise the mean rectal temperature was mean ± s.d. 37.4 ± 0.16°C. After 
exercise this increased to 37.8 ± 0.38°C (P<0.001). At the end of the study temperature 
was not significantly altered (37.8 ± 0.27°C). Rectal temperature was 38.0 ± 0.2°C 
in HNP1, 37.7 ± 0.2°C in HNP2, 37.8 ± 0.3°C in HNP4 and 37.8 ± 0.2°C in HNP5 
and HNP7. Rectal temperature in HNP2 was significant lower (P = 0.033) compared 
to HNP1.

Muscle enzyme activity

Of the 3 muscle enzyme activities measured, only the LDH showed significant 
elevations. The largest increase was present at 4 h after exercise (Fig 4) with a 
significant increase in HNP4 (P = 0.014), HNP5 (P = 0.037) and HNP7 (P = 0.029) 
compared to the control HNP1. The increase from mean ± s.d. 301 ± 56 u/l to 337 ± 
57 u/l was highest in HNP4, and with 302 ± 37u/l to 324 ± 58 u/l SD lowest in HNP5. 
HNP4 showed a significant increase at all measured time points (from 301 ± 56 u/l to 
337 ± 57 u/l at 4 h, P = 0.014; to 332 ± 54 u/l at 6 h, P = 0.017; and to 304 ± 55 u/l at 
24 h, P = 0.038). CK activity did increase by >2-fold after exercise in HNP4, HNP5 
and HNP7. However, in individual horses these increases were highest in HNP4 (5–17 
times value pre-exercise) and lowest in HNP7 (6–9 times pre-exercise value) (Table 2).
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Table 2. Illustration of highest creatine kinase (CK) activity (U/L) values pre- exercise (0), 4, 
6 and 24 hours after exercise in each HNP. It can be seen that the increase in CK activity was 
highest in HNP4 (17 × pre-exercise value) and lowest in HNP1 (1.4 × pre-exercise value).
 

Time HNP1 HNP2 HNP4 HNP5 HNP7

0 125 154 81 82 94

4 172 244 112 108 133

6 158 257 1383 1642 795

24 141 227 478 91 682

HNP: head and neck position. Lab reference CK activity<200U/L

EMG

Mean motor unit action potentials variables are presented in Table 3. In HNP1, no 
significant difference was present before and after exercise. Pathological spontaneous 
activity as defined in a former study (Wijnberg et al. 2002d) was recorded in HNP4 in 
2 horses. The ratio mean area : mean amplitude was >1 in HNP4 and HNP7 (1.11 and 
1.10, respectively), whereas this was 1 in HNP1 and HNP2, and <1 for HNP5. HNP 2 
showed no significant differences compared to HNP1. HNP4 showed a higher number 
of turns (P = 0.02). HNP5 resulted in a higher motor unit action potentials amplitude 
(P < 0.001); and HNP7 in a longer motor unit action potentials duration (P = 0.008), 
higher number of turns (P = 0.02) and motor unit action potentials area (P = 0.04).

Single fibre EMG

Mean consecutive difference is presented in Figure 5 and Table 4; it was significantly 
higher pre-exercise (26 ms) compared to post exercise (22 ms) in HNP1 (P<0.001). 
Of all HNPs, MCD was highest in HNP4 (P<0.001). HNP2, HNP5 and HNP7 also 
induced a higher MCD (25 ms) than HNP1 (P<0.001). If human references are applied 
(Kimura 2001b), the odds ratio for a MCD in the pathological range (≥55 ms) or a 
conduction block (≥80 ms) was for HNP4/HNP1 13.6 (P<0.001).
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Table 3. Description of mean and backtransformed gmean Motor unit action potential variables 
in 7 horses in 5 head and neck positions.

HNP  mean  SD  95% UB  95% UB  gmean SD

1 pre dur (ms) 5.7 2.4 5.3 6.0 5.3 1.4
ampl (µV) 420 170 396 445 392 1.5
phases 2.9 0.7 2.8 3.0 2.8 1.3
turns 2.6 1 2.5 2.7 2.4 1.4
area 440 235 406 473 392 1.6

1 post dur (ms) 5.5 2.4 5.1 5.8 5.2 1.4
ampl (µV) 392 158 369 414 369 1.4
phases 2.9 0.6 2.8 3.0 2.8 1.3
turns 2.5 0.8 2.4 2.6 2.4 1.3
area 411 229 379 443 369 1.6

2 post dur (ms) 5.2 1.7 4.9 5.4 5.0 1.4
ampl (µV) 413 141 392 435 392 1.4
phases 2.9 0.8 2.8 3.2 2.8 1.3
turns 2.6 0.9 2.4 2.7 2.4 1.4
area 424 219 391 457 376 1.6

4post dur (ms)         5.5 2.4 5.2 5.9 5.2 1.4
ampl (µV) 426 164 402 450 399 1.4
phases 2.9 0.9 2.8 3.0 2.8 1.4
turns 2.8 1.1 2.6 2.9  2.6* 1.4
area 473 264 434 513 416 1.7

5 post dur (ms) 5.0 1.6 4.8 5.3 4.8 1.3
ampl (µV) 454 204 424 483     416** 1.5
phases 2.9 0.7 2.8 3.0 2.8 1.3
turns 2.6 0.9 2.5 2.8 2.5 1.3
area 439 257 402 476 388 1.6

7 post dur (ms) 6.0 1.9 5.7 6.3 5.8* 1.3
ampl (µV) 436 187 408 464 403 1.5
phases         2.9 0.8 2.8 3.0 2.8 1.3
turns 2.8 1.0 2.6 2.9  2.6* 1.4
area 481 240 445 517  424* 1.7

LB lower boundery; UB: upper boundary MUP: motor unit action potential; HNP : head and neck position; 
gmean : geometric mean derived from back transformation of Ln values; **p=0,001 *p=0,05 after post hoc 
Bonferonni correction compared with HNP1 (control position). based on gmean statistics
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Table 4: description of (g)mean consecutive difference (µs) in 7 horses in 5 head and neck 
positions.

HNP mean SD
95%LB
mean 

95%UB
mean gmean SD

95%LB 
gmean 

95%UB 
gmean

1 pre 26.3 13.4 24 28 22.2** 1.6 17    31

1 21.6 13.5 20 23 18.2 2.0 16    19

2 30.4 16.0 28 33
    

27.1** 1.6 25    29

4 39.2 33.6 35 44
    

30.0** 2.0 30     33

5 25.3 14.4 23 27 22.2** 1.8 20.     23

7 24.9 12.5 23 27 22.2** 1.6 21     24

gmean: geometric mean derived from back transformation of Ln values; LB: lower boundery; UB: upper 
boundery; MCD: mean consecutive difference, a method to express jitter between consecutive muscle fibre 
motor unit action potentials;  HNP: head and neck position; **p=0,001 *p=0,05 after post hoc Bonferonni 
correction compared with HNP1 (control position) based on gmean statistics.

 
Figure 4. Lactaat dehydrogenase (LDH) expressed as the difference (mean±SD)  between 
measured LDH values, 4, 6 and 24 hours after exercise respectively and values measured before 
exercise (T=0).
A        B   

C

LDH : lactacte dehydrogenase; HNP: head and neck 
position
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Discussion
In the current study, various effects of the different HNPs were determined. The public 
concern expressed in discussions in global media on training in bended neck positions 
that has been ongoing for some years necessitates performing scientific studies in 
this topic to address the concerns on horse training methods objectively. Most effects 
were present in HNP4, but none of the HNPs tested in comparison with the neutral 
HNP1 were without effect. The increases in LDH activity, motor unit action potentials 
amplitude, duration, area and number of turns and MCD induced by HNPs other than 
the control HNP1, indicate that changes in HNP alter neuromuscular functionality, 
especially synchronicity expressed by the increased jitter. 

Lunging a horse in a fixed bended neck position for a relatively short period 
appears to be a common training method for warm blood sport horses amongst horse 
owners training at both low and high level. The same experimental set-up with horses 
ridden by their own riders would induce a human factor that would result in a (daily) 
variability that was considered larger than that in a lunging situation with the same 
person. Therefore, the hypothesis tested was that lunging at moderate exercise in 
different HNPs would influence variables related to neuromuscular functionality. 

The significant increase in LDH activity indicated that leakage from muscle 
fibres was present in HNP4, 5 and 7. In addition, CK activity increased ≥2–17 times 
in individual horses in HNP4, HNP5 and HNP7 whilst increases ≥50–250% are 
considered pathological (Harris 1998; Ludvikova et al. 2008). This is in agreement 
with former studies concluding that of CK, ASAT and LDH activities, LDH activity 
appeared to be the most sensitive marker of increased workload (Krzywanek et al. 
1996; Wijnberg et al. 2008) or myopathy (Wijnberg et al. 2003a). In HNP4 this 
effect was the largest and longest measurable, suggesting a larger workload in this 
position. Whether this increase suggests higher workload (Krzywanek et al. 1996) on 
neck muscles or on muscles involved in the altered gait (Gómez Álvarez et al. 2006; 
Rhodin et al. 2009) cannot be concluded from this study. 

The increased motor unit action potentials amplitude in HNP5 suggests recruitment 
of larger motor units indicative of increased force support, the idea of increased 
workload (Weishaupt et al. 2006; Waldern et al. 2009). However, an increase in ratio 
area : amplitude is seen in human neuropathies whereas in myopathy a decrease is 
expected (Nandedkar et al. 1988). HNP4 and HNP7 resulted in a ratio >1; in the other 
HNPs this was ≤ 1. The increases in number of turns in HNP4 and HNP7 and duration 
in HNP7, suggest a less synchronous arrival of the individual motor unit action 
potentials of which the recorded motor unit action potential is composed (Gabriel et al. 
2006; Wijnberg et al. 2008), which is in agreement with the results of the single fibre 
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EMG. An increase in MCD measured by stimulated single fibre EMG in man and dogs 
is considered a delay in neuromuscular transmission (Sanders 2002; Añor et al. 2003). 
The latency from the stimulus to the response varies when repetitive nerve stimulation 
induces muscle action potentials. This variation is called the jitter and is measured 
with single fibre EMG and expressed as MCD. Stimulated single fibre EMG has the 
advantage of enabling testing in uncooperative patients (Kimura 2001b). Increased 
jitter is regarded as a subclinical sign of impaired neuromuscular transmission in man 
(Stålberg and Trontelj 1997), whilst, in case of further impairment, intermittent or 
persistent blocking will occur. 

When blocking occurs in many endplates in a muscle, this results in clinical weakness 
in man (Sanders and Stålberg 1996). Many diseases, both myogenic and neurogenic 
can cause an abnormal neuromuscular transmission and thus induce increased jitter 
(Sanders and Stålberg 1996; Padua et al. 2007). Montagna et al. (2001) have studied 
nerve conduction velocities and neuromuscular transmission using repetitive nerve 
stimulation; however, single fibre EMG studies of neuromuscular transmission by 
axonal microstimulation have not been reported in equine literature to the authors’ 
knowledge and reference values are not available. For that reason in all 7 healthy 
horses the neutral HNP1 served as their own control. A human study is considered 
abnormal if the mean or median jitter exceeds the upper limit for the muscle, or >10% 
of pairs or endplates have increased jitter (Sanders and Stålberg 1996). If human 
references are applied, in which MCD of >55 ms suggest pathological conduction and 
>80 ms conduction block, in HNP4 the odds ratio was 13.6 times higher to fall into 
this category, even though the temperature had increased after exercise (e.g. higher 
temperatures are negatively correlated to nerve conduction speed) indicating that the 
neuromuscular transmission seems to be delayed. The increase in number of turns 
of the motor unit action potentials in HNP4 and HNP7, and increase in motor unit 
action potentials duration despite the increase in temperature is in agreement with this 
finding. Although the rectal temperature in HNP2 decreased slightly but significant, it 
stayed in between the reference values and therefore has no physiological relevance. 
Upper normal limits of MCD of voluntary muscle activation depend on the muscle 
examined (29–49 ms) and increase with age (Sanders and Stålberg 1996). Newer 
human studies indicate an even lower normal value of 36 ms and single fibre EMG 
proved to be useful in diagnosing early, mild or partial myelin damage (Padua et al. 
2007). No further data exist on MCD in horses, which leaves the suggestion open as to 
what extent the increased jitter found in this study impairs the horse’s functionality. At 
which level the impairment at the endplate is originating, nerve, muscle or synapse, is 
not clarified nor examined in this study. Alternative explanations such as that repeated 
needle insertions would have damaged or altered the muscle fibre and thereby altered 
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the enzyme activity or EMG variables, or that fatigue or increased muscle force 
explain the results shown above are unlikely. A study of Steiss and Forsyth (1984) 
failed to show significant increase in CK activity after EMG in horses. Increased 
muscle tone would lead to increased amplitude, faster firing rate and eventually 
recruitment of larger motor units. In the case of muscle fatigue, motor unit action 
potentials amplitude reduces and the number of spikes decreases, reflecting drop out 
of motor units, decreased firing rate and decreased central motor drive resulting in less 
maximal activation (Kimura 2001c). 

Two interpretations of ‘rollkur’ positions (Meyer 1992; Janssen 2003; Jeffcott et 
al. 2006) namely HNP4 and 7 were tested in this study, of which the HNP7 induced 
overall smaller changes than HNP4. This might suggest that if a deeply flexed HNP 
in a fixed position is applied for lunge training in average riding horses trained at this 
level, HNP7 reflects the neutral HNP1 more than HNP4. However, also the elevated 
position (HNP5) as well as the required position for competing (HNP2) are not without 
effect. The results of this study encourage further research on this topic expanding the 
knowledge on single fibre EMG in horses and applying this to highly trained equine 
athletes also in a ridden situation.
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Summary
Objective: To evaluate the effect of various head and neck positions 
on intrathoracic pressure and arterial oxygenation during exercise in 
horses.

Animals: 7 healthy Dutch Warmblood riding horses.

Procedures: The horses were evaluated with the head and neck in 
the following predefined positions: position 1, free and unrestrained; 
position 2, neck raised with the bridge of the nose aligned vertically; 
position 4, neck lowered and extremely flexed with the nose pointing 
toward the pectoral muscles; position 5, neck raised and extended with 
the bridge of the nose in front of a vertical line perpendicular to the 
ground surface; and position 7, neck lowered and flexed with the nose 
pointing towards the carpus. The standard exercise protocol consisted 
of trotting for 10 minutes, cantering for 4 minutes, trotting again for 5 
minutes, and walking for 5 minutes. An esophageal balloon catheter 
was used to indirectly measure intrathoracic pressure. Arterial blood 
samples were obtained for measurement of Pao2, Paco2, and arterial 
oxygen saturation.

results: Compared with when horses were in the unrestrained 
position, inspiratory intrathoracic pressure became more negative 
during the first trot (all positions), canter and second trot (position 
4), and walk (positions 4 and 5). Compared with when horses were in 
position 1, intrathoracic pressure difference increased in positions 4, 
2, 7, and 5; Pao2 increased in position 5; and arterial oxygen saturation 
increased in positions 4 and 7.

Conclusions and Clinical relevance: Position 4 was particularly 
influential on intrathoracic pressure during exercise in horses. The 
effects detected may have been caused by a dynamic upper airway 
obstruction and may be more profound in horses with upper airway 
disease. 

abbreviations
HR: Heart rate
IP: Intrathoracic pressure
IPΔ: Intrathoracic pressure difference
Sao2: Arterial oxygen saturation
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Introduction
The overall training goal in dressage is athletic development that will enable horses 
to achieve a desirable gait and posture and hence performance during competition. 
Among equestrians, it is generally believed that altering the position of a horse’s head 
and neck is important to achieve this goal (Weishaupt et al. 2006). Studies (Gómez-
Álvarez et al. 2006; Weishaupt et al. 2006; Rhodin et al. 2009; Waldern et al. 2009) 
have demonstrated that a change in head and neck position influences back kinematics 
and the loading pattern of the locomotor apparatus in unridden and ridden high-level 
dressage horses. Although a flexed head and neck position induces an increase in 
range of motion of the thoracic and lumbar dorsum in unridden horses and a more 
equally divided weight load between forelimbs and hind limbs (Gómez-Álvarez et al. 
2006), this effect is not reproducible in ridden horses (Rhodin et al. 2009). However, 
an extremely elevated neck reportedly causes an increase in extension of the thoracic 
and lumbar dorsum in unridden as well as ridden horses (Gómez-Álvarez et al. 2006; 
Rhodin et al. 2009). This position also affects function of the locomotor apparatus 
much more than an extremely low neck, as evidenced by an increase in peak vertical 
forces in the forelimbs, which is a potential risk factor for injury (Weishaupt et al. 
2006; Waldern et al. 2009).

Concern among those involved in international dressage about the head and neck 
positions of horses mainly relates to training with an extremely flexed head and neck 
position (FEI, 2010) (position 4 as defined in other studies (Gómez-Álvarez et al. 
2006; Weishaupt et al. 2006; Rhodin et al. 2009; Waldern et al. 2009)). This position 
has been referred to as Rollkur (Meyer 1992); low, deep, and round (Janssen 2003); or 
hyperflexion (Jeffcott et al. 2006). 

Biomechanical studies (Gómez-Álvarez et al. 2006; Weishaupt et al. 2006; Rhodin 
et al. 2009; Waldern et al. 2009) have yielded no evidence to suggest any deleterious 
effect of this position. However, there are reasons to believe that training horses 
in a flexed head and neck position could have an adverse effect on upper airway 
function because dynamic obstructions of the upper respiratory tract (ie, those that 
mainly influence airflow during inhalation, such as dynamic laryngeal collapse or 
axial deviation of the aryepiglottic folds) are a common cause of poor performance 
or abnormal respiratory noise in sport horses (Franklin et al. 2006). Other studies 
(Petsche et al. 1995; Strand et al. 2009) have demonstrated that forced poll flexion 
not only contributes to the development of dynamic airway obstruction (Franklin et 
al. 2006) but can also cause dynamic upper airway tract obstruction in healthy horses 
during strenuous exercise. Head and neck flexion could be associated with a more 
compliant upper airway allowing tissues to bulge into the airway and cause obstruction 
(Petsche et al. 1995). Such a hypothesis is supported by findings of a study (Cehak 
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et al. 2010) that shows that head flexion decreases the pharyngeal diameter, which 
would increase upper airway resistance. 

To detect dynamic obstruction of the respiratory tract during head and neck 
flexion, esophageal pressure can be measured by use of a balloon catheter, which is a 
noninvasive and accurate alternative to direct IP measurement by pleural puncture (Art 
and Lekeux 1988a,b, 1989). A dynamic obstruction during inhalation or exhalation 
causes an increase in peak-to-peak amplitude (IPΔ) during a respiration cycle, a more 
negative IP with inspiratory resistive breathing, and more positive expiratory pressure 
with expiratory resistive breathing (Jackson et al. 1997; Ducharme et al. 1999). 

Another potential concern is that healthy horses develop arterial hypoxemia during 
exercise with a decrease in arterial oxygen pressure of approximately 10 to 18 mm Hg 
during exercise compared to rest, which is mainly attributable to diffusion limitations 
(Wagner et al. 1989; Art et al. 1990; Art and Lekeux 1995). A further decrease in 
arterial oxygenation could be caused by obstructions in the upper airway tract or 
bronchoalveolar disease (King et al. 1994; Christley et al. 1997; Durando et al. 2002; 
Sáchez et al. 2005; Durando et al. 2006). Therefore, measurement of arterial blood 
gas values is considered useful in determining the effect of airway abnormalities on 
exercise ability. The purpose of the study reported here was to evaluate the effect 
of various head and neck positions on IP and arterial oxygenation during exercise 
in horses. We hypothesized that head and neck flexion would cause an inspiratory 
obstruction, resulting in an increase in IPΔ, a more negative inspiratory IP, and a 
corresponding decrease in arterial oxygenation, in healthy Dutch Warmblood riding 
horses during moderate exercise.

Materials and Methods

Horses

Seven healthy base level–trained Dutch Warmblood riding horses (5 mares and 2 
geldings) were used in the study. Mean ± SD age was 10.3 ± 3.6 years, height at the 
ridge between the scapulae (withers) was 161.2 ± 1.4 cm, and body weight was 531 
± 47.3 kg. None of the horses had a history of respiratory disease, cardiovascular 
disease, or neuromuscular disorders. Radiographic and ultrasonographic examination 
of the cervical portion of the spinal column revealed no abnormalities in any horse. 

Horses were individually housed in box stalls and had free access to grass silage 
supplemented with concentrate feed. To accustom the horses to the experimental 
setup, each was trained for at least 3 weeks in various head and neck positions while 
being lunged. The study protocol was approved by the Committee on Animal Welfare 
of Utrecht University.
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Experimental design

Each horse underwent a standardized exercise test while being lunged, consisting of a 
warm up (1-minute walk, 3-minute trot, and 1-minute canter, unrestrained) followed 
by a 10-minute trot (trot 1), 4-minute canter, 5-minute trot (trot 2), 5-minute walk, 
and cool down (5-minute walk, unrestrained). After the warm up, the horses were 
guided into predetermined head and neck positions as defined in previous studies 
(Gómez-Álvarez et al. 2006; Weishaupt et al. 2006; Rhodin et al. 2009; Waldern et al. 
2009) by use of side reins. The postures achieved were positions 1, 2, 4, and 5 and a 
new position described for the present study, 7 (Figure 1). Positions 3 (elevated neck, 
bridge of the nose behind vertical) and 6 (forward-downward extension of the head 
and neck) as defined in previous studies (Gómez-Álvarez et al. 2006; Weishaupt et al. 
2006; Rhodin et al. 2009; Waldern et al. 2009) were omitted. 

Correct positioning was determined on the basis of a preliminary study (Elgersma 
et al. 2010) and quantification of 4 angles: angle between a line connecting the spinous 
process of T6 with the wing of the atlas and horizontal (angle 1), angle between a line 
connecting the spinous process of T6 with the wing of the atlas and a line connecting 
the wing of the atlas with the lower part of the facial crest (angle 2), angle between 
a line connecting the wing of the atlas with the lower part of the facial crest and a 
vertical line perpendicular to the ground (angle 3), and angle between the bridge of 
the nose and a vertical line perpendicular to the ground (angle 4) and 2 distances 
(horizontal distance between the vertical lines passing through the lower part of the 
facial crest and the supraglenoid tubercle of the scapula [distance H] and vertical 
distance between the horizontal lines passing through the lower part of the facial crest 
and the lateral styloid process of the radius [distance V]). Angle 2 describes most 
accurately the amount of flexion in the laryngeal region (Petsche et al. 1995). 

The horses completed the exercise test during a period of 2 days. The first day 
started with the head and neck in position 1 and in 2 other random positions, defined 
by a Latin square study design. The remaining 2 positions were evaluated on the 
second day. Between each exercise test, the horse rested for 2 hours (Butler et al. 
1993).

Intrathoracic pressure

Intrathoracic pressure was indirectly measured by use of an esophageal balloon 
catheter technique. The esophageal balloon (length, 7 cm; width, 3 cm) was made 
of a middle finger of a medical glove1 sealed over the open end of a catheter2 (inner 
diameter, 2.80 mm; outer diameter, 4.10 mm; length, 380 cm). Prior to each exercise 
test, the catheter was introduced via a lubricated stomach tube into the esophagus. 
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After placement of the balloon at a distance from the nostrils corresponding to the 
height at the withers, the tube was pulled back and the catheter was tightened to the 
halter with adhesive tape. The catheter was then connected to a pressure transducer3, 
which was connected to a small portable computer4. 

Figure 1: Illustration of the evaluated head and neck positions in this study (n=7)
a) HNP1   b) HNP2   c) HNP4    d) HNP5           e) HNP7

HNP: head and neck position. HNP1- Free, unrestrained, control posture. HNP2- Neck raised bridge of the 
nose around the vertical. HNP4- Neck lowered and considerably flexed with the nose pointing toward the 
chest. HNP5- Neck raised and considerably extended with the bridge of the nose in front of the vertical. 
HNP7- Neck lowered and flexed with the nose pointing towards the carpus. Angle 1: T6-wing of atlas with 
the horizontal. Angle 2: T6-wing of atlas-lower part of the facial crest. Angle 3: Wing of atlas-lower part 
of the facial crest with the vertical.Angle 4: Bridge of nose-vertical. Distance A: The horizontal distance 
between the vertical lines passing through the lower part of the facial crest and the supraglenoid tubercle of 
the scapula. Distance B: The vertical distance between the horizontal lines passing through the lower part 
of the facial crest and the lateral styloid process of the radius.

The pressure transducer was calibrated by use of a water manometer with 23 
points ranging from 0 to 20 cm H2O. The recordings were within the range of the 
system capacity. The pressure transducer and computer were both part of the harness. 

After each horse completed the warm up, the balloon was inflated with 6 mL 
of air. The air tightness of the balloon was evaluated before and at the end of each 
exercise test. Data, including negative and positive peak pressures, IPΔs, and 
breathing frequencies, were analyzed by use of a custom-built software program, 
which calculated the mean values over each minute after correction for artifacts (eg, 
those produced by swallowing or blowing). To ensure measurement of a steady state, 
the first and last minute of the exercise phase were excluded.

Core body (esophageal) temperature
Core body temperature was measured by use of a thermoprobe5 attached to the end 
of the esophageal catheter with adhesive tape. A small conducting cord connected the 
probe with the display, and the display was attached to the halter.
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Blood gas analysis

One transverse facial artery of each horse was catheterized6, and arterial blood 
samples were collected in heparinized 3-mL syringes at the beginning of the exercise 
test and immediately at the end of each exercise phase. The syringes were then capped 
and stored on crushed ice for blood gas analysis7 within 15 minutes after collection 
(Sánchez et al. 2005). The Pao2 and Paco2 values were corrected for core body 
temperature by use of the following equations (Siemens healthcare 2008):

Paco2 (corrected for T) = (Paco2 at 37ºC) X 100.019• (T – 37)

Pao2 (corrected for T) = (Pao2 at 37ºC) X 10A•(T – 37) 

A = (5.49 X 10–11 X [Pao2 at 37ºC]3.88 + 0.071)/(9.72 X 10–9 X [Pao 2 at 37ºC]3.88 + 2.30)

in which T is core body temperature and A is a variable that is calculated for each 
time point.

Heart rate

Electrocardiography was continuously performed during the exercise test by use 
of a telemetric device8 to use HR as an indicator of workload and to monitor for 
pathological arrhythmias that were potentially caused by induced hypoxemia.

Statistical analysis

Statistical analysis was performed with the aid of statistical software9. Data, including 
peak pressures, peak-to-peak amplitudes, breathing frequencies, HRs, and arterial 
blood gas values were considered continuously dependent. Normality of data 
distribution was tested by plotting the residuals in a P-P plot. Differences were tested 
by use of a linear mixed model with a random intercept to account for the repeated 
measurements, horse as the experimental unit, and head and neck position, gait, and 
the interaction between the 2 as fixed factors. Models were tested by comparing the 
maximum of likelihoods. Values of P < 0.05 after post hoc Bonferroni correction were 
considered significant. Data are presented as mean ± SD.

results

Animals

The 7 horses achieved the following mean ± SD HRs during exercise testing: 10-minute 
trot (trot 1), 101 ± 8 beats/min; 4-minute canter, 128 ± 11 beats/min; 5-minute trot 
(trot 2), 104 ± 8 beats/min; and 5-minute walk, 73 ± 8 beats/min. 
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Angles

Preliminary testing revealed that compared with position 1, flexion of the laryngeal 
region was greatest when the horses’ heads and necks were in position 4, followed by 
positions 2, 7, and 5 (Table 1).

Table 1. Mean ±sd angles (degrees) and distances (cm) defining the head and neck positions in 
7 Dutch Warmblood riding horses.

Angle 1 Angle 2 Angle 3 Angle 4 Distance A Distance B

HNP 1 -16.2±5.6 131.9±5.0  25.7±4.5  11.9±3.4 73.5±9.0  60.2±13.0

HNP 2    3.6±5.0  87.2±5.0    0.9±6.6 -12.8±6.6 43.9±4.5  89.8±8.0

HNP 4 -33.3±3.2  84.4±3.4 -38.9±2.9 -51.7±4.8 34.5±3.4  46.7±5.6

HNP 5  34.8±8.0 119.2±10.1  63.9±9.5  47.2±9.3 45.5±5.6 144.8±10.3

HNP 7 -41.5±4.5 103.6±6.9 -27.8±4.0 -41.0±5.8 37.2±4.5  18.6±8.7

HNP: head and neck position. Angle 1: T6-wing of atlas with the horizontal. Angle 2: T6-wing of atlas-
lower part of the facial crest. Angle 3: Wing of atlas-lower part of the facial crest with the vertical.Angle 4: 
Bridge of nose-vertical. Distance A: The horizontal distance between the vertical lines passing through the 
lower part of the facial crest and the supraglenoid tubercle of the scapula. Distance B: The vertical distance 
between the horizontal lines passing through the lower part of the facial crest and the lateral styloid process 
of the radius (for illustration see figure 1).

Intrathoracic pressure

Peak-to-peak amplitude and expiratory IP increased during the canter, compared with 
the trot 1 value (P < 0.001), and decreased in trot 2, compared with the canter value (P 
< 0.001), and walk, compared with the trot 2 value (P < 0.001). Compared with values 
measured during trot 1, expiratory IP and peak-to-peak amplitude were increased 
during trot 2 (P < 0.001). Minimum IP became more negative during canter, compared 
with the trot 1 value (P < 0.001), and during trot 2, compared with the canter value (P 
< 0.001), and became more positive during the walk, compared with the trot 2 value (P 
= 0.008). Compared with the value during trot 1, inspiratory IP became more negative 
during trot 2 (P < 0.001). 

The interaction between head and neck position and exercise phase was significant 
for IP during inspiration but not during expiration or for peak-to-peak amplitude 
(Table 2). With position 1 as the reference position, inspiratory IP became more 
negative in position 4 followed by positions 7 and 2 (all P < 0.001) and position 5 (P 
= 0.008) during trot 1. Inspiratory IP became more negative in position 4 during the 
canter (P < 0.001) and trot 2 (P = 0.008), compared with the same exercise phases in 
position 1. During the walk, inspiratory IP became more negative in positions 4 (P = 
0.012) and 5 (P = 0.024), compared with the walk in position 1. With position 1 as 
the reference position, IP during expiration decreased in positions 4 (P < 0.001), 5 (P 
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= 0.016), and 7 (P = 0.048). Again, with position 1 as the reference position, peak-to-
peak amplitude increased most in position 4, followed by positions 2, 7, and 5 (all P < 
0.001). Furthermore, the horses produced an inspiratory snoring noise when exercised 
in position 4.

Table 2. Mean ± SD intrathoracic (esophageal) pressure, HR, and breathing frequency in the 7 
horses in Table 1 in various predefined head and neck positions during 4 gaits: a 10-minute trot 
(trot 1), 4-minute canter, 5-minute trot (trot 2), and 5-minute walk.

HNP1 HNP2 HNP4 HNP5 HNP7

Trot1 Pes Max
Pes Min
Pes Δ
F
HR

18.4±2.1
  4.1±1.6
10.0±1.9
 121±16
 102±8

15.3±4.0
 -2.8±2.7**
13.7±2.1
  125±21
  100±8

10.3±4.2
-7.7±4.0**
13.7±1.9
  122±24
  103±8

15.2±2.7
 -0.9±3.4*
11.7±1.6
  121±19
  102±11

13.0±2.7
 -6.1±4.2**
14.9±3.4
  132±13**
    99±8*

Canter Pes Max
Pes Min
Pes Δ
F
HR

20.5±2.1
 -1.2±2.9
17.7±2.9
 100±7
 130±13

17.4±4.0
 -6.0±4.2
18.9±1.9
   96±7
 127±8

15.4±4.2
-11.0±5.6**
22.1±2.1
    98±7
  129±8

18.8±3.2
-5.7±4.8
20.2±3.4
   99±7
 127±13

18.2±3.7
 -6.6±6.1
20.6±3.2
   97±7
 129±11

Trot2 Pes Max
Pes Min
Pes Δ
F
HR

10.3±2.7
 -8.6±2.9
14.6±3.2
 135±16
 105±8

12.5±5.6
 -9.0±3.2
17.0±3.4
 138±16
 107±5

 7.2±4.8
-15.2±4.2*
18.1±2.9
  127±24*
  103±8

 8.3±2.4
-11.9±4.8
15.7±3.7
 129±16
 106±8

10.9±3.2
 -9.2±6.0
15.9±4.5
 132±13
 100±5*

Walk Pes Max
Pes Min
Pes Δ
F
HR

 2.7±2.4
-5.1±2.7
 3.4±1.1
  95±8
  72±8

 5.5±4.5
-6.0±4.2
 7.1±1.6
103±13*
  76±11*

 0.3±3.2
-11.5±3.2*
 6.9±1.9
  96±16
  75±8

 0.1±2.1
-10.9±2.9*
 6.4±1.9
 100±8
   76±5

 3.2±4.5
-6.2±6.1
 5.2±2.4
   96±11
   68±5

HNP: head and neck position; Pes Max:  maximum oesophageal pressure; Pes min: minimum oesophageal 
pressure; Pes Δ: peak to peak amplitude oesophageal pressure; F: breathing frequency; HR: heart rate; 
significantly * p<0.05  **p<0.001 different compared to HNP1 with post-hoc Bonferroni correction. 

Breathing frequency

Breathing frequency decreased during the canter versus trot 1 (P < 0.001) and during 
the walk versus trot 2 (P < 0.001) and increased during trot 2 versus the canter (P < 
0.001). Compared with trot 1, breathing frequency was increased during trot 2 (P < 
0.001). 

A significant interaction was detected between head and neck position and exercise 
phase. With position 1 as the reference position, breathing frequency increased in 
position 7 during trot 1 (P < 0.001), decreased in position 4 during trot 2 (P = 0.044), 
and increased in position 2 during the walk (P = 0. 032; Table 2).
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Heart rate

Heart rate increased during the canter, compared with values during trot 1 (P < 0.001), 
and decreased during trot 2, compared with values during the canter (P < 0.001), and 
during the walk, compared with values during trot 2 (P < 0.001). Compared with trot 1, 
trot 2 yielded a higher HR (P < 0.001). 

A significant interaction was detected between head and neck position and exercise 
phase. With position 1 used as the reference position, HR decreased during trot 1 (P = 
0.020) and trot 2 (P = 0.008) when horses were in position 7 and increased during the 
walk when horses were in position 2 (P = 0.036; Table 2).

Table 3. Mean ±sd arterial blood gas values pO2 (mmHg), pCO2 (mmHg) and O2 saturation 
(%) corrected for core body temperature (ºC) in a group of horses (n=7) in 5 head and neck 
positions at the start of exercise and at the end of warming-up ,trot1, canter, trot2, walk and 
cooling-down.

HNP1 HNP2 HNP4 HNP5 HNP7

Start pO2
pCO2
O2. Sat
Temp

109.7±22.8
 44.8±3.4
 97.8±0.5
 37.3±0.8

103.6±6.9
 44.0±1.9
 97.7±0.3
 37.2±0.5

107.0±13.3
 42.9±3.7
 97.7±0.8
 37.5±0.8

102.3±9.0
 44.2±3.7
 97.5±0.3
 37.7±1.1

105.9±9.3
 43.2±2.1
 97.8±0.5
 37.4±0.5

Warming-
Up

pO2
pCO2
O2. Sat
Temp

 76.1±9.5
 46.0±2.9
 95.2±1.6
 37.0±0.8

 68.4±6.4
 44.6±2.4
 93.6±2.1
 37.1±0.8

 77.3±12.5
 45.5±4.2
 94.8±2.1
 37.6±0.8

 73.5±8.7
 46.2±4.5
 93.9±1.3
 37.7±1.1

 75.5±5.3
 46.3±2.9
 95.0±0.8
 37.6±0.3

Trot1 pO2
pCO2
O2. Sat
Temp

 70.3±8.5
 49.1±4.5
 93.1±2.1
 37.8±1.1

 76.3±6.9
 49.1±2.9
 94.4±1.3
 37.8±0.5

 76.8±3.7
 47.9±2.9
 94.0±0.5
 37.7±0.8

 80.7±6.9
 49.9±3.2
 94.9±1.1
 38.3±0.5

 75.9±6.4
 48.1±2.9
 94.7±1.6
 37.5±0.5

Canter pO2
pCO2
O2. Sat
Temp

 65.6±8.5
 45.9±4.5
 92.1±2.1
 37.8±1.1

 70.8±4.5
 46.8±3.2
 93.6±1.1
 37.9±0.5

 74.9±7.4
 47.7±4.5
 94.3±0.8
 38.2±1.1

 70.4±6.9
 49.3±4.5
 92.4±1.9
 38.4±0.8

 71.1±5.6
 46.7±3.4
 93.7±1.3
 37.9±0.5

Trot2 pO2
pCO2
O2. Sat
Temp

 70.9±6.4
 47.2±2.7
 93.6±1.1
 37.9±0.8

 80.6±17.0
 45.8±3.7
 94.8±2.4
 37.9±0.5

 80.4±9.3
 46.6±4.8
 95.1±1.6
 38.0±0.8

 84.3±11.1
 45.7±4.5
 95.5±1.9
 38.3±0.5

 78.7±9.0
 47.4±3.4
 94.8±1.3
 38.1±0.8

Walk pO2
pCO2
O2. Sat
Temp

 88.0±7.2
 46.2±2.7
 96.3±1.3
 38.1±0.8

 90.8±6.6
 45.6±4.0
 96.7±0.8
 37.8±0.8

 89.4±13.5
 45.3±2.7
 96.6±1.1
 37.5±0.8

 96.1±12.2
 44.7±3.4
 96.8±1.3
 38.2±0.5

 92.6±11.1
 46.6±4.0
 96.7±0.8
 37.7±0.5

Cooling-
down

pO2
pCO2
O2. Sat
Temp

 89.9±7.4
 45.0±6.4
 96.4±1.6
 38.1±1.1

 90.7±6.6
 45.7±2.4
 96.7±0.5
 37.6±0.5

 88.8±9.5
 44.1±3.7
 96.7±0.8
 37.5±0.8

 91.4±8.0
 46.2±3.4
 96.7±0.8
 38.0±0.5

 93.0±8.0
 44.2±2.9
 96.9±0.8
 37.8±0.5

HNP: head and neck position; Temp: Core body temperature 
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Blood gas analysis

No significant difference between arterial blood gas values, corrected for core body 
temperature, was evident at the beginning of each exercise test. Independent of head and 
neck position, Pao2 and Sao2 decreased during the warm up, compared with the resting 
values (P < 0.001 for both values) and during the canter, compared with the trot 1 values 
(P = 0.024 and P < 0.001, respectively), and increased again in trot 2, compared with the 
canter values (P < 0.001 for both), and during the walk, compared with trot 2 values (P 
< 0.001 for both). The Paco2 increased during the warm up, compared with the resting 
value (P = 0.016), and during trot 1, compared with the warm up value (P < 0.001). 

No significant interaction between head and neck positions and exercise phase was 
evident for the blood gas variables. Independent of exercise phase with position 1 as 
the reference position, Sao2 increased from 94% to 95% in positions 4 (P = 0.012) and 
7 (P = 0.028) and Pao2 increased from 77 to 83 mm Hg in position 5 (P = 0.004). The 
Paco2 did not change significantly (Table 3).

Discussion
The present study was designed to investigate the hypothesis that head and neck flexion 
would cause a dynamic inspiratory obstruction resulting in an increase in IPΔ, a more 
negative inspiratory IP, and a corresponding decrease in arterial oxygenation in healthy 
base level–trained Dutch Warmblood riding horses during moderate exercise. Whereas 
the effects on IP were demonstrated in various positions, with the greatest effect seen in 
position 4, the expected concomitant decrease in arterial oxygenation was not observed. 

The head and neck positions used in the present study were identical to those used in 
an earlier experiment (Gómez-Álvarez et al. 2006; Weishaupt et al. 2006; Rhodin et al. 
2009; Waldern et al. 2009), with the exception of position 7. Position 7 was introduced 
here because in our experience, equestrians have 2 interpretations (positions 4 and 7) of 
the hyperflexed head and neck position used in certain training methods. 

The exercise test used was comparable to observed training methods used in the warm 
up arena for base level– as well as high level–trained dressage horses. Compared with 
the degree of flexion in position 1, flexion of the laryngeal region was most prominent 
in position 4, followed by flexion in positions 2, 7, and 5. 

Exercise phase had an effect on IP in the present study. These findings are consistent 
with those of earlier studies (Art and Lekeux 1988a,b, 1989; Wagner et al. 1989; Art et 
al. 1990; Jackson et al. 1997; Ducharme et al. 1999) conducted to measure the effect 
of exercise with a neutral head and neck position on IP. It is remarkable to observe 
that in the present study, IP during inspiration did not become more positive until the 



Chapter 6

86

walk phase. Our findings suggested that this preserved low inspiratory IP during trot 2 
restored the relative arterial hypoxemia developed during the canter phase. 

An increase in peak-to-peak amplitude from that in position 1 was detected for 
every other position evaluated, with the greatest effect noticed for position 4. The 
results for inspiratory IP were significant for position 4 in each exercise phase. 
Because each horse was used as its own control, the measured effects on IP are not 
likely to have been caused by a change in lung compliance or in viscoelasticity of lung 
tissue. Therefore, we believe that the increase in IP and the more negative inspiratory 
IP in all exercise phases when horses had their heads and necks in position 4 were 
most probably caused by the development of an inspiratory dynamic obstruction of 
the respiratory tract. Such a phenomenon would explain the abnormal inspiratory 
respiratory sounds noticed when this position was assumed. These findings are 
consistent with those of other studies (Petsche et al. 1995; Strand et al. 2009; Cehak 
et al. 2010). The amount of flexion in the laryngeal region was much less in the 
alternative interpretation of a flexed head and neck position (position 7), which could 
explain the less profound effects on IP detected for position 7. 

Healthy horses develop exercise-induced arterial hypoxemia, which is mainly 
caused by ventilation perfusion mismatch, diffusion limitations, and lack of 
compensatory hyperventilation (Wagner et al. 1989). Although the horses in the 
present study performed moderate exercise, with the maximum HR reaching only 128 
± 11 beats/min during canter, they developed a significant decrease in Pao2 related to 
the exercise phase. When horses were lunged in position 1 during canter, a mean Pao2 
of 65.6 ± 8.5 mm Hg was reached, which was even lower than the Pao2 of 69.0 ± 6.1 
mm Hg developed by horses, with an HR of 201 beats/min, in another study (Art et 
al. 1990). This low Pao2 could have been caused by the high breathing frequencies 
in the present study, which suggests an inefficient alveolar-to-dead space ventilation. 
Furthermore, base level–trained Dutch Warmblood riding horses were used in the 
present study, as opposed to Thoroughbred horses trained for racing used in the other 
study (Art et al. 1990).

Several studies (King et al. 1994; Christley et al. 1997; Durando et al. 2002) have 
demonstrated that upper airway tract abnormalities can cause more severe arterial 
hypoxemia and hypercapnia during exercise, attributable to an increase in total 
airway resistance and consequently further impaired alveolar ventilation. Despite the 
increased IP∆ and more negative inspiratory IP when horses were in position 4 versus 
1, there was no significant difference in arterial blood gas values, which suggested 
that alveolar ventilation remained unaffected. However, the blood gas findings should 
be interpreted with some caution because the study involved analysis of only 1 arterial 
blood sample/exercise phase and the horses needed to be stopped for blood sample 
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collection. Although collection was performed quickly, the possibility cannot be 
excluded that this procedure had some effect on the final results. 

We acknowledge that the study would have benefited from the use of a treadmill 
instead of lunging, which would have made it more practical to obtain multiple blood 
samples per exercise phase and would have made it possible to use an ultrasonic flow 
system to measure airflow and tidal volume. However, although considered as an 
option, in the authors’ opinion, the treadmill has some major safety limitations for the 
handlers and horses when training is conducted in these extreme but realistic head and 
neck positions accomplished by use of side reins. 

Changes in the head and neck position of horses indeed appeared to have influence 
on IP parameters. The effect was largest in those positions that are characterized by 
extreme flexion in the laryngeal region. However, at the moderate level of exercise 
performed in the present study, no adverse effect of any position on arterial blood gas 
pressures or Sao2 was identified. Additional research is needed to investigate whether 
the effect on arterial oxygenation is different in horses with upper airway tract 
abnormalities or lower airway disease or when performing more strenuous exercise.
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Summary
Reasons for performing study: There is much debate about 
different head and neck positions (HNPs) in the equine community. 
Little is known about the effect of HNPs on behaviour assessments in 
combination with sympathovagal balance as assessed with heart rate 
variability (HRV) and cortisol concentrations.

Objectives: To evaluate the effect of different HNPs on welfare 
parameters. 

Methods: Seven warmblood horses were studied in 5 predetermined 
head and neck positions HNP1: unrestrained; HNP2: neck raised; 
bridge of nose around the vertical; HNP4: neck lowered and 
considerably flexed, bridge of nose pointing towards the chest; HNP5: 
neck raised and considerably extended; bridge of nose in front of the 
vertical; HNP7: neck lowered and flexed; bridge of nose pointing 
towards the carpus. A standardised exercise test (SET) consisted of 
VI1 (15-min trot), VI2 (4-min canter), VI3 (10-min trot) and VI4 (5-
min walk). Behaviour was assessed from a recorded video with a 
pre-defined ethogram. R-R intervals were recorded using a telemetric 
device and HRV parameters were calculated. Cortisol concentrations 
were measured before and after the exercise test.
 
results: More conflict behaviour was observed in HNP2 compared 
to HNP1, 4 and 7.  HNP5 had a similar but less significant pattern as 
HNP2. HNP2 showed an increase in LFpeak compared to all other 
HNP’s and a decrease in VLF% compared to HNP1. HNP4 showed 
an increase in LF% and decrease for VLF% compared to HNP1. 
Saliva cortisol concentrations were significantly higher in HNP2, 5 
and 30 minutes after exercise. 

Conclusions: The frequency domain parameters suggest a shift to 
sympathetic dominance for HNP2 and HNP4 possibly indicating 
exercise stress. The rise in cortisol, confirms a stress response in 
HNP2.
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Introduction
Over the last few years, the welfare of sport horses has gained more and more 
attention from the general public. The public awareness is not limited to the use 
of a hyperflexed head and neck position in warmblood performance horses, it also 
includes, among others, concerns regarding the current rate of (catastrophic) injuries 
in race horses and the “performance enhancing” measures used in the show horse 
industry (McLean and McGreevy, 2010). In 2010 the FEI defined Low, Deep and 
Round (LDR) as a HNP which is not ‘aggressively obtained’, and thus acceptable as a 
training method, in contrast to the ‘aggressively obtained’ rollkur or hyperflexion (FEI 
2010a). Several studies concentrated on the biomechanical effects of different HNPs 
(Gómez Álvarez et al. 2006; Weishaupt et al. 2006; Rhodin et al. 2009; Waldern et al. 
2009). Earlier studies demonstrated the development of an upper airway obstruction 
(Sleutjens et al. 2012) and a delayed neuromuscular transmission (Wijnberg et al. 
2010) in a hyperflexed head and neck position (HNP4).
 In recent years, it has been implied that certain training techniques, especially 
those that use a hyperflexed head and neck position, may cause unnecessary 
discomfort and possibly pain to the horse (McLean and McGreevy, 2010). Studies in 
base level trained horses have not yet been able to demonstrate an increased level of 
stress during exercise in a hyperflexed head and neck position, based on blood cortisol 
concentrations and heart rate (Sloet van Oldruitenborgh-Oosterbaan et al. 2006) and 
saliva cortisol concentrations combined with heart rate variability (Becker-Birck et al. 
2013). An earlier study compared high level dressage horses with recreational horses 
and implied a decreased level of stress in high level trained horses in a hyperflexed 
position based on heart rate variability measurements after exercise (Van Breda, 2006). 
Von Borstel et al. 2009 suggested that the hyperflexed position may be uncomfortable 
to horses unaccustomed to this position based on behavioural parameters alone. In 
contrast, a recent study demonstrated an increase in saliva cortisol concentrations 
directly after ridden exercise in the “low, deep and round” training method (Van 
Dierendonck et al. 2012). Visual impairment during the hyperflexed position has been 
suggested (McGreevy et al. 2010), but not yet objectively proven.
 In many species HRV parameters are proven to be a reliable indicator of acute 
and chronic stress and HRV is often used for research in autonomic nervous system 
functioning during welfare and behavioural studies (von Borell et al. 2007) in horses ( 
Bachmann et al. 2003; Rietmann et al. 2004b; Schmidt et al. 2010a) with and without 
rider (König von Borstel et al. 2011).  Care should be taken with interpretation of these 
studies when different heart rate monitors are used (Gamelin et al. 2006; Parker et al. 
2009). HRV in horses varies significantly between basal conditions and psychological 
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stress (Visser et al. 2002; Bachmann et al. 2003; Rietmann et al. 2004b) and certain 
components are known to correlate with mental stress (Rietmann et al. 2004b) and/or 
adrenaline levels (Rietmann et al. 2004a). 
 Currently, several so-called “conflict behaviours” such as tail lashing and mouth 
opening are considered indicators for acute discomfort and are used in many stress 
related studies (Christensen et al. 2010; McLean and McGreevy, 2010; Williams and 
Warren-Smith, 2010), but definite scientific evidence for the indicative value of most 
of these behaviours is still lacking.
 Cortisol is known to be altered by minor perturbations in the horse’s environment 
and is one of the most common and accessible hormones to measure one’s stress 
response either in plasma, serum or saliva (Irvine and Alexander, 1994; Matter et 
al 2000; Möstl and Palme 2002). Combined with other physical and behavioural 
parameters it could be useful to determine whether certain performances are associated 
with acute and/or chronic stress.
 In the present study, a combination of behavioural assessments, heart rate variability 
and cortisol concentrations in plasma and saliva are used to test the hypothesis that 
different head and neck positions have an effect on the welfare status of the equine 
athlete.

Material and methods 

Horses

Seven healthy, base-level trained Royal Dutch Sport horses (5 mares and 2 geldings; 
mean age 10.3 ± 3.6 years; mean height at withers 161.2 ± 1.4 cm; mean weight 531 
± 47.3 kg) with no disease history participated in the study. No abnormalities were 
found on full clinical examination including neurological examination. Radiographic 
and ultrasound examination of their cervical spinal column showed no abnormalities. 
To accustom the horses to the experimental set-up, they were trained in the different 
HNPs on the lunge for at least 3 weeks according to the experimental design below. 
This study was approved by the Committee on Animal Welfare of Utrecht University.

Head and neck positions

The five standard, predetermined head and neck positions were defined as described 
earlier in detail (Elgersma et al. 2010) (fig 1): 

HNP1- Free, unrestrained. 
HNP2- Neck raised; bridge of the nose around the vertical 
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HNP4- Neck lowered and considerably flexed; nose pointing towards the chest.
HNP5- Neck raised and considerably extended; bridge of the nose in front of the 
vertical. 
HNP7- Neck lowered and flexed; nose pointing towards the carpus.

Figure 1: Head and neck positions
a) HNP1   b) HNP2   c) HNP4    d) HNP5           e) HNP7

Exercise test

Each individual horse performed one exercise test a day at the exact same time point 
in the day, with the HNP’s in a random order. On the first day all horses were exercised 
in HNP1.   The warming up (3 min walk, 5 min trot; unrestrained position), exercise 
and cooling down were executed on the left hand side. After warming-up, a standard 
time of 6 minutes was taken to induce the assigned HNP, using individually adjusted 
side reins with a normal double broken bit. The nosebands were tightened with a 
maximum of 2 fingers, placed between the nose bridge and the noseband, allowing for 
some mouth opening (Mc Greevy et al. 2012). A SET consisted of: trot1 (15 min, HR: 
101±3), canter (4 min, HR: 128±4), trot2 (10 min, HR: 104±3), and walk (5 min, HR: 
73±3). Post-exercise the side reins were removed allowing relaxation for 2 minutes, 
followed by cooling down at walk (5 min, unrestrained).

Behaviour 

The horses were filmed with a camcorder (mini DV Panasonic handheld). The same 
person filmed each test, from a position perpendicular to the horses and next to the 
handler, from the moment they entered the arena until leaving. External distractions 
were prevented. The films were scored twice using a pre-determined ethogram in 
The Observer® 5.0. Behaviours were scored either in frequency or in duration in 
time (sec), and scored separately for the periods: “applying HNP”; “exercise” and 
“detachment”. 
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Heart Rate & Heart Rate Variability Recordings  

An electrocardiogram was continuously recorded during SET using a telemetric 
device1 with a sampling rate of 500 Hz. The heart rate was used as an indicator of 
workload and for the evaluation of HRV. Data were stored for heart rate variability data 
analysis. The ECG electrodes2 were attached as recommended by the manufacturer. 

HRV measurements

Every R-R interval was manually checked for correct measurement of the R peak 
using Televet ECG software version 5.0.01. If present, aberrant beats were excluded 
from analysis. Heart rate variability was analysed for its time- and frequency- domain 
parameters as well as the non-linear method approximate entropy using Kubios HRV 
software version 2.13  with MATLAB® Compiler Runtime 7.8 (Niskanen et al. 2004) 
Care was taken to exclude the transition of velocities and a time-period of 256 seconds 
could be analysed. Fast Fourier Transformation spectra (VLF 0-0,05 Hz, LF 0,05-0,15 
Hz,  HF 0,015-0,5 Hz) (Rietmann et al. 2004b) were applied using a window width 
of 256 s with 50% overlap in Welch’s periodogram. Data were interpolated to a 256 
point equidistant dataset and resampled at 4 Hz. (Sample) Approximate Entropy were 
calculated (m = 2 and r = 0.2).

Cortisol concentrations

Both saliva and plasma samples were collected each test day before and 5 and 30 
minutes after the exercise test. Saliva samples were collected using Salivette tubes5 
with the cotton attached to a double broken bit and left in the oral cavity for 60 seconds 
after which it was spun down at 3000 G for 3 minutes to collect saliva. Blood was 
collected in heparine tubes by venipuncture using a vacutainer system and centrifuged 
at 6000 G for 5 minutes.  Both plasma and saliva samples were stored at -20°C until 
further analysis. Plasma and saliva cortisol concentrations were measured by means 
of an enzyme-labelled sequential chemiluminescent immunoassay (LIA; Siemens 
Medical Solutions Diagnostics) validated for use in horses (Van der Kolk et al. 1995).

Statistical analysis

Statistical analysis was performed with SPSS6. Data per parameter were analysed using 
a linear mixed model including fixed factors HNP and gait, and subject as random 
intercept. Data were checked for normal distribution graphically using Q-Q plots from 
the residuals. In case data were not normally distributed a log transformation was 
applied. The model was checked for interaction first, if non-existent, the interaction 
was excluded from the model. Significance level was set at p<0.05, after post-hoc 
Bonferroni correction. Data are presented as mean±SEM. 
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results
Behaviour 
There was no significant interaction between gait and HNP, which allowed for a 
separate analysis of the effect of head and neck position on behaviour. Significant 
results during attachment of the side reins, exercise and detachment of the side reins 
are displayed in table 1. The HNPs are sorted according to their mean, the HNP 
with the highest mean for that specific behaviour is listed first. Significant pair wise 
comparisons are shown in superscript.

Table 1: Behavioural observations during exercise, attaching and detaching of the side reins in 
a group of horses (n=7). The HNP’s are sorted according to their mean (highest---lowest), with 
significant pairwise comparisons in superscript (red=p<0.05, black=p<0.001).
 

Exercise

Ears + Head R Mouth P Mouth N Mouth T Nostrils N Nostrils O Enc.

HNP12,7,4 HNP42 HNP42,5,1 HNP15,4,7,2 HNP24,7,1 HNP15,7,4,2 HNP51 HNP47,5,1

HNP52,7,4 HNP52 HNP75,1 HNP54,7,2 HNP51 HNP5 HNP21 HNP25,1

HNP27,4 HNP12 HNP2 HNP42 HNP4 HNP7 HNP4 HNP7

HNP7 HNP72 HNP5 HNP72 HNP7 HNP4 HNP7 HNP5

HNP4 HNP2 HNP1 HNP2 HNP1 HNP2 HNP1 HNP1

Exercise Attaching HNP Detaching HNP

Teeth G Head T/S Ears + Head R SR P Walking B Ears + Mouth N

HNP57,1 HNP54,1,7 HNP12,7,4 HNP12,4,7 HNP21 HNP21 HNP12,4,7 HNP14

HNP2 HNP24 HNP52,7,4 HNP52,4,7 HNP71 HNP5 HNP5 HNP54

HNP4 HNP4 HNP2 HNP2 HNP41 HNP7 HNP2 HNP2

HNP7 HNP1 HNP7 HNP4 HNP51 HNP4 HNP4 HNP7

HNP1 HNP7 HNP4 HNP7 HNP1 HNP1 HNP7 HNP4

Ears +: ears in a positive state; Head R: Head in the required position; Mouth P: playful mouth; Mouth 
N:neutral mouth; Mouth T: tense mouth; Nostrils N: neutral nostrils; Nostrils O: open nostrils; Enc: 
Encouragement from helper; Teeth G: teeth grinding; Head T/S: head tossing/shaking; SR P: pulling on the 
side reins; Walking B: walking backwards

 
Exercise

The horses displayed their ears longer in a positive state (pointing forwards) in HNP1, 
followed by the extended HNPs (HNP5, HNP2). In none of the comparisons, the 
horses indicated a significant difference in conflict behaviour expressed by the ears 
(i.e ears (pinned) backwards; flat on their neck). The head was better maintained in the 
required position in all HNP’s compared to HNP2. The horses played more with the 
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bit in the flexed head and neck positions (HNP4, HNP7) compared to a tense mouth in 
the extended positions (HNP2, HNP5). The nostrils were longer observed in a neutral 
state in HNP1 compared to open nostrils in the extended HNPs (HNP5, HNP2). More 
encouragement from the helper was needed to stimulate the horses to maintain the 
desired gait and velocity in HNP4 and HNP2. Teeth grinding was most often observed 
in HNP5 and head tossing/shaking occurred more often in the extended HNPs (HNP5 
and HNP2). 

Attaching the side reins

As during exercise, the horses displayed their ears longer in a positive state (pointing 
forwards) in HNP1, followed by the extended HNPs (HNP5, HNP2). The head was 
better maintained in the required position in HNP1 and HNP5. The horses tended 
to pull on the side reins during the attachment of all HNPs compared to HNP1 (free 
position, without side reins) and moved more often backwards during the attachment 
of HNP2. 

Detaching the side reins

The horses displayed their ears longer in a positive state (pointing forwards) in HNP1 
compared to HNP2, 4 and 7. The mouth was longer observed in a neutral state in 
HNP1 and HNP5 compared to HNP4.

Heart rate variability

Less than 1% of the data needed to be discarded because of being noise or aberrant 
beats. There was no significant interaction between gait and head and neck position. 
HNP2 (0.088±0.004) showed a significant (p<0.0001) increase for LFpeak compared to 
HNP1 (0.061±0.004), 4 (0.067±0.004), 5 (0.066±0.004) & 7 (0.062±0.004) and a significant decrease (p 
< 0.035) for VLF% in HNP2 (57.92±3.87) compared to HNP1 (70.90±3.77).  HNP4 (35.56±3.07) 
showed a significant (p<0.002) increase for LF% compared to HNP1 (22.11±3.07) and a 
significant decrease (p<0.013) for    VLF % (56.85±3.77) compared to HNP1 (70.90±3.77) in 
frequency domain parameters.

Cortisol concentrations

The difference between 5 minutes after exercise and before exercise, in saliva cortisol 
concentration was significantly higher in HNP2 (4.20±1.33) compared to HNP1 (1.07±0.53) 
and HNP7 (1.16±0.49) (p<0.008). The difference between 30 min after exercise and before 
exercise, in saliva cortisol concentration was significantly higher in HNP2 (1.15±0.62) 
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compared to HNP7 (-0.77±0.38) (P<0.048). The difference between 5 min en 30 min after 
exercise, in plasma cortisol concentration was significantly higher in HNP2 (152.7±5.1) 
compared to HNP1 (122.4±8.6) (p<0.008), HNP5 (119±10.2) (p<0.004) and HNP7 (124.9±8.4) 
(p<0.016). The free fraction cortisol (Cortisol saliva/ plasma cortisol * 100) did not 
differ significantly between the HNPs.

Discussion 
In the present study, a combination of behavioural assessments, heart rate variability 
and cortisol concentrations in plasma and saliva are used to evaluate the effect of dif-
ferent, objectively measured, head and neck positions on stress experienced by base 
level trained warmblood riding horses.

Behaviour

A predetermined period of six minutes was included to slowly position the horses in 
the desired HNP. Since these horses were trained in these HNPs, they would get a 
clear indication which HNP was expected and the time of six minutes would allow 
them to anticipate. In several species, including horses (Peters et al. 2012), it has been 
demonstrated that anticipation towards a rewarding or aversive stimulus could affect 
the mental state of an animal, provided the animal is given a known cue to precede the 
stimulus (Spruijt et  al. 2001; VanDierendonck and Spruijt, 2012). During attachment 
of the side reins, the behavioural results showed significantly more conflict behaviour 
(rope pulling and walking backwards) during HNP2. Therefore, this part of the study 
does support aversive anticipation towards applying HNP2; there was no indication 
that the other HNPs induced any aversive anticipation reactions. 
 The exercise test was the most important part of the study, and the recorded 
behaviour provides insight in the mental state of the horses during the different HNPs. 
Significant differences were found between the different HNPs. In general, conflict 
behaviour (i.e a tense mouth, teeth grinding, open nostrils, head tossing/shaking) was 
more often observed during exercise in the extended head and neck positions (HNP2, 
HNP5) compared to HNP1 and compared to the flexed head and neck positions 
(HNP4 and HNP7), despite the long training before the test to accustom the horses 
to the desired HNP.  Possibly, exercise in the extended HNPs was more stressful 
for the horses compared to exercise in the flexed HNPs. Alternatively, during both 
flexed positions the heads were lowered, which is associated with more submissive 
behavioural patterns (von Borstel et al. 2009). However, Warren et al. 2007 have 
demonstrated that lowering of the head did neither result in a decrease in heart rate, 
increase in HRV nor helped a horse to relax when aroused.  One of the most often 
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used indicators for conflict behaviour during riding (frequency of “tail swishing” 
(McLean and McGreevy, 2010) showed relative high frequencies but also had a high 
individual variance not related to the HNP (0 - 5.6 times/min). Another often-used 
indicator is “defecation” (McLean and McGreevy, 2010), during this study defecation 
frequency was very low (0-0.9 times/min). Both behaviours had no significant linear 
mixed model score indicating there was no significance difference between the HNPs. 
This result was exactly the same with the Danish horses ridden in HNP1, 2 and 4/7 
(VanDierendonck pers. comm.)
 In several studies (reviewed in McDonnell 2003) ear play is associated with an 
attentive and relaxed horse. Playful and attentive ears were expected and observed in 
HNP1 followed by HNP5 and HNP2. Playful ears were significantly less observed in 
the flexed HNPs (HNP4 and HNP7). Possibly, in HNP5 the horses needed all senses 
to orient, which was difficult for them due to the extended neck and a presumed lack 
of vision forward and to the ground (Fig 1). Visual impairment during the hyperflexed 
position (HNP4) has been suggested (McGreevy et al. 2010), but not yet objectively 
proven. In this study, there was no indication that the ears were used to orient during 
exercise in HNP4.

Heart rate variability

HRV in horses varies significantly between basal conditions and psychological stress 
(Visser et al. 2002; Bachmann et al. 2003; Rietmann et al. 2004b), the LF component 
is known to correlate with mental stress in warmblood horses (Rietmann et al. 2004b) 
and adrenaline concentrations (Rietmann et al. 2004a). A decrease in HRV has been 
linked to an increase in cortisol during road transport (Ohmura et al. 2006; Schmidt 
et al. 2010b; Schmidt et al. 2010c), whereas an increase in LFpower, with a decrease 
in HF component is linked to increased stress during road transport (Ohmura et al. 
2006). 
 Especially the high vagal tone and the individual variability (Physick-Sheard et 
al. 2000) make it difficult to interpret heart rate variability in horses at rest and during 
exercise, even more so when different frequency spectrums are used. The spectrum 
used here is based on respiratory rates at rest as suggested by Rietman et al. 2004. 
Since reliable interpretation of heart rate fluctuations as a measurement of autonomic 
activity, requires that respiratory cycle length and amplitude should be maintained 
steady (Song and Lehrer, 2003), this is a limitation of the study described in this paper 
due to the different respiratory rates at different velocities (Sleutjens et al. 2012). 
Since there was no interaction between gait and HNP for any of the HRV parameters 
it is safe to conclude that an increased respiratory rate did not cause the increased 
LFpeak for HNP2 as shown here. Also, in this range (100-130 breaths per minute) 
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the peak would show up in the area at the end of the spectrum (0.8-1.1 Hz) using the 
formula as described by (Rietmann et al. 2004b). 
 The results showed a significant increase in the relative LF components for HNP2 
and HNP4, without a significant change in the HF spectrum. The lack of a significant 
withdrawal or increase of the HF component for HNP2 and HNP4 could be the result 
of the frequency spectrum used. In our study, the maximum mean HR was reached 
during the canter phase and did not rise beyond 120 ± 2.2 bpm, it is not expected 
that, at this range, the sympathetic system would be activated, with the rise in heart 
rate caused by withdrawal of the parasympathetic system rather than activation of 
the sympathetic system in a physiological state as suggested by Physick-Sheard et al. 
2000. 
 However, the results of this study could indicate a sympathetic stimulation as 
observed by the relative increase in LF components (observed with the relative decrease 
in VLF%), possibly resulting from an increased workload, where LF components 
are supposed to decrease during moderate exercise in horses due to parasympathetic 
withdrawal (Physick-Sheard et al. 2000). In humans, VLF components are known 
to increase during physical activity (Bernardi et al. 1996), the decrease seen in this 
study could be due to the relative increase in the LF components. Low frequency 
components are a poor maker for sympathetic activity alone (Skyschally et al. 1996; 
Houle and Billman 1999).  The LFpeak though is thought to be related to baroreceptor 
control and increase of the peak could be dedicated to an increase in blood pressure 
and therefore does reflect sympathetic nervous system activation (Pomeranz et al. 
1985). In HNP2, there is clearly a significant LFpeak, which means that during HNP2 
very regular oscillations exist which increase the power spectrum density (s2/Hz) at 
this particular frequency (Aisen et al. 1992) indicating sympathetic activation. 

Cortisol

Horses have relatively low concentrations of cortisol binding globulins in blood 
and consequently, a small increase in total plasma cortisol results in a large rise 
in bioactive free cortisol. Only the unbound cortisol can cross into saliva. Saliva 
cortisol concentrations are strongly correlated with free fraction and plasma cortisol 
concentrations (Van der Kolk et al. 2001). In this study, care was taken to measure 
all individual horses at the same time of the day to avoid individual daily fluctuation. 
The horses were also accustomed to the environment and the training protocol 
(Irvine and Alexander, 1994).  This study demonstrated a significant rise in saliva 
cortisol concentration in HNP2, 5 and 30 minutes after exercise. Furthermore, the 
difference between 5 and 30 min after exercise in plasma cortisol concentration was 
significantly higher in HNP2. The results demonstrated that the plasma and saliva 
cortisol concentrations in HNP7 were comparable with HNP1. 
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In conclusion, conflict behaviour was most often observed in the extended HNPs 
(HNP2 and HNP5). HNP4 and 7 were very similar in their behavioural responses 
but not in the HRV measurements. HRV results indicated an increase in sympathetic 
stimulation for HNP2 and HNP4, possibly due to increased (exercise) stress or 
workload. However, the intrinsic heart rate and the behaviour of the LF and HF 
components of the horse at rest and during exercise remain subject to further research. 
The rise in cortisol concentration in HNP2 is in line with the observed behavioural and 
HRV effects. This is an interesting finding, as HNP2 is the desired HNP in the dressage 
arena. No detrimental effect of a (hyper)flexed HNP on the welfare of the base level 
trained horse could be demonstrated. Based on the HRV and cortisol concentrations, 
it could be argued that between the flexed HNPs, training in HNP7 is preferable over 
HNP4. The combined results of this study emphasize the need for combined areas of 
expertise in addressing stress and welfare status in the horse.
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General discussion
The general aim of training the equine athlete is to achieve a well-balanced horse in 
harmony with its rider and able to show its individual gait qualities. Although the per-
formance itself has another purpose and level, this general aim has not changed and 
already existed many centuries ago when man and horse worked together on the battle 
field. In high level dressage, correct and long term training should result in the head 
and neck position defined by the Fédération Equestre Internationale (FEI): a raised 
neck, high poll and the bridge of the nose slightly in front of the vertical (HNP2). 
Among trainers, it is believed that altering the head and neck position is an important 
aid in enhancing the gymnastic capabilities of the horse (Janssen, 2003). Indeed, the 
biomechanical effects of different head and neck positions on back kinematics and 
loading pattern of the locomotor apparatus have been demonstrated (Gómez-Alvarez 
et al. 2006; Rhodin et al. 2009; Weishaupt et al. 2006; Waldern et al. 2009). The 
training method which uses a hyperflexed head and neck position has been accused 
of causing unnecessary discomfort and possibly pain in the horse (McLean and Mc-
Greevy, 2010). However, from a biomechanical point of view, recent studies were not 
able to confirm neither the fears nor the benefits associated with this training method. 
To assess the effect of different head and neck positions, including the hyperflexed 
position, on the equine athlete this thesis focuses on three different areas, influencing 
horse welfare:

- The effect of the head and neck position on neuromuscular functionality
- The effect of the head and neck position on upper airway functionality
- The effect of the head and neck position on indicators of stress     

The control head and neck position used in this thesis represents the free head and 
neck position, voluntarily chosen by seven base level trained horses lunged without 
side reins (HNP1). This reference position is compared with four different head and 
neck positions: the neck raised and bridge of the nose around the vertical (HNP2); the 
neck considerably flexed and the nose pointing towards the chest (HNP4); the neck 
lowered and flexed with the nose pointing towards the carpus (HNP7) and the neck 
raised and considerably extended with the bridge of the nose in front of the vertical 
(HNP5). HNP2 represents the position required during dressage competition. HNP4 
represents the hyperflexed head and neck position used in certain training techniques, 
currently under debate. HNP7 is a different interpretation of a flexed head and neck 
position and closely resembles the accepted “low, deep and round” training technique 
(FEI 2010a,b).
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Chapter 2 described the way these head and neck positions were objectively measured 
in the sagittal plane by 4 angles and 2 distances. Angle 1, which was the angle between 
a line connecting the dorsal spinous process of T6 with the wing of the atlas and the 
horizon, describes the amount of neck flexion/extension, and proved to be most useful 
for the ex vivo part of this thesis (Chapters 3 and 4). In terms of angle 1, the different 
head and neck positions represented a range between +40 degrees of extension and -40 
degrees of flexion. Consequently, 5 wooden frames were constructed based on angle 
1 with respectively -40, -20, 0, +20 and +40 degrees of flexion/extension. The frame 
representing -20 degrees of flexion most closely resembled HNP1 and was therefore 
used in Chapter 3. This ex vivo imaging study had two purposes: 1. To describe in 
detail the 3-dimensional anatomy of the equine cervical spine by comparing anatomical 
sections with corresponding MR and contrast-enhanced CT images in the dorsal, 
sagittal, and transverse planes. 2. To describe the ability of MR and CT imaging to 
visualize clinically important anatomical structures in the equine cervical spine. The 
cervical nerve roots could be visualized well in the magnetic resonance (MR) images 
and their correspond ending anatomic sections. The nerve roots leave the spinal cord 
in a fan-like fashion and course relatively caudal through their respective foramina 
just above the intervertebral disk and in close proximity to the ventromedial joint 
pouch of the dorsal facet joint. The dorsal and ventral cervical nerve roots, including 
the dorsal ganglion, are small relative to the osseous borders of the foramen and are 
well protected by surrounding soft tissue. Both dorsal and ventral cervical nerves 
become imbedded in muscle tissue by midway in their course along the vertebral 
body caudal to their exit point. This was a useful observation and assisted with more 
exact (SF)EMG needle placement in the in vivo study described in Chapter 5: The 
effect of different head and neck positions on outcome of quantitative neuromuscular 
techniques in Royal Dutch Sport horses directly after moderate exercise. 

We were successful in preserving the cerebrospinal fluid (CSF) in these cervical 
spines and could demonstrate that the CSF was far more abundant on the dorsal-
lateral side of the spinal cord than on the ventral side (Chapter 3). It might therefore 
be argued, that the spinal cord is better protected against impingement dorsally rather 
than ventrally and that the total intervertebral and intravertebral height measurements 
currently used to assess spinal cord impingement may be less important. This would 
imply that, as in humans (Yu et al. 1991), sections in the transverse plane made by 
contrast CT or MRI are needed to more specifically quantify the amount of CSF 
surrounding the spinal cord in patients with possible cervical vertebral stenotic 
myelopathy (CVSM). Although intervertebral disk prolapse is a rarely described 
pathology in the horse, occasionally, there was complete loss of ventral cerebrospinal 
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fluid on MR images due to subtle wedging of the vertebral canal and a bulging 
intervertebral disk in all three control horses. Horse 3 was found to have severe 
degeneration with ankylosis of the left C4-C5 facet joint, including peri-articular bone 
proliferation extending into the normal subarachnoid space and intervertebral foramen. 
This bone proliferation resulted in a decreased space for the cervical nerve root and 
dorsal ganglion concerned. At this site, there was loss of contrast visualization on 
the computed tomography (CT) image. It was not possible to determine if there was 
damage to the cervical nerve root on the MR images; however, there was decreased 
space for CSF surrounding the nerve root compared with the unaffected contralateral 
side. On the affected side, the smallest intervertebral foramen height measured 6.5 
mm compared to 11.3 mm on the contralateral unaffected side. No difference in signal 
intensity could be detected in the spinal cord on the MR images, which makes it 
less likely that this lesion caused clinical ataxia (Personal communication Dr. S.N 
Sampson DVM, PhD, ACVS). Interestingly, in the same horse at the level of C5-
C6, a dorsoventral compression was detected, causing the spinal cord to change 
from a round to a more oval shape with complete loss of the cerebrospinal fluid. It 
might be argued that on lateral radiographs of this specific neck, the lesion at C4-C5 
would have been diagnosed as the clinical problem instead of the lesion at C5-C6.  
Although, histology remains the golden standard to assess the nervous system, these 
MRI observations do underline the importance of imaging studies in combination 
with quantitative diagnostic techniques that measure neuromuscular functionality in 
the live horse. 

The equine cervical spine anatomy and more specifically the intervertebral foramina 
and cervical nerve roots were described in detail in Chapter 3; this study was fol-
lowed up by the second ex vivo study, concentrating more specifically on the effect 
of neck flexion and extension on intervertebral foramina dimensions (Chapter 4). 
In human medicine, it is widely documented that neck flexion causes an increase in 
intervertebral foramina dimensions, while extension causes a decrease in foramina 
dimensions (Yoo et al. 1992). This information has been particularly important in the 
rehabilitation of patients suffering from cervical radiculopathy. Studies have demon-
strated that cervical radiculopathy also occurs in horses, which causes comparable 
clinical signs as seen in humans (Ricardi and Dyson, 1993; Marks, 1999). Chapter 4 
demonstrated that neck flexion and extension have the same effect on intervertebral 
foramina dimensions in the equine cervical spine, as seen in humans. The greatest 
amount of movement could be demonstrated in the lower cervical spine (C4-C5/ C7-
T1) with the most significant effect on foramina dimensions at the level of C6-C7. 
Consequently, the quantitative neuromuscular techniques used to measure the in vivo 
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effect of different head and neck positions on neuromuscular functionality, focused on 
the cervical nerve root leaving at C6-C7 (Chapter 5). 

Electromyography has proven to be very useful in the diagnosis of cervical lesions in 
the horse, even before radiographic changes are visible (Wijnberg et al. 2004, 2009). 
A motor unit consists of the motor neuron, axon endplate, neuromuscular transmis-
sion zone and belonging muscle fibers. As the nerve action potential does not reach all 
muscle fibres simultaneously, the temporal dispersion will contribute to the size and 
shape of the motor unit action potential (MUP), described by the following variables: 
duration, amplitude, number of turns and phases and area under the curve. In general, 
a neuropathy will cause an increase in MUP variables due to a less synchronous ar-
rival of the individual action potentials of which the recorded motor unit action poten-
tial is composed. A myopathy will result in a decrease in duration and amplitude, due 
to the smaller muscle fibres dimensions, contributing to the motor unit. Single fibre 
EMG is currently the most sensitive technique used in human medicine to measure 
abnormal neuromuscular transmission (Sanders, 2002). The physiological parameters 
quantified include impulse transmission along the intramuscular axon collaterals, pre- 
and post-synaptic events at the neuromuscular junction, and muscle fibre membrane 
properties (Trontelj and Stålberg, 1995). The latency from the stimulus to the action 
potential response is variable and expressed as the mean value of consecutive differ-
ences (MCD) of the successive interpotential intervals (Sanders and Stålberg, 1996). 
In diseases of abnormally slow neuromuscular transmission the MCD becomes in-
creased. In human medicine an increased MCD (≥55µs) is considered to be pathologi-
cal and a MCD ≥80µs is considered a transmission block (Kimura, 2001). Chapter 5 
documented, beside an increased temporal dispersion based on EMG measurements, 
an effect on neuromuscular transmission in all 4 head and neck positions compared 
with the reference position (HNP1), represented by both an increase in muscle enzyme 
activities, motor unit action potential variables and an increased MCD. However, the 
most significant effect was seen in HNP4. Based on human reference values there was 
a 13.6 times greater odds ratio of a MCD value in the pathological range in HNP4 
compared to HNP1. Of the three muscle enzymes measured (CK, ASAT, LDH), LDH 
showed significant elevations in HNP4, HNP5 and HNP7, 4 hours after exercise and 
stayed significantly elevated in HNP4, 6 and 24 hours after exercise compared with 
the reference position (HNP1). CK activity did increase by >2-fold after exercise in 
HNP4, HNP5 and HNP7. However, in individual horses these increases were highest 
in HNP4 (5–17 times value pre-exercise) and lowest in HNP7 (6–9 times pre-exercise 
value). Further research is needed to elucidate the anatomic explanation for the effect 
of HNP4 on neuromuscular transmission, as it was probably not caused by cervical 
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nerve root impingement by osseous borders of the intervertebral foramen, as these 
increased during flexion (Chapter 4). 

Chapter 6 described the effect of different head and neck positions on upper airway 
functionality. Compared to HNP1, flexion in the laryngeal region was most in HNP4 
followed by HNP2, HNP7 and HNP5, as measured by angle 2; the angle between the 
rostral part of the facial crest, the wing of the atlas and the dorsal spinous process 
of T6 (Chapter 2). Every HNP had an effect on intrathoracic pressure compared to 
HNP1; an increase in peak-to-peak amplitude from HNP1 was detected for every 
other position evaluated, with the greatest effect measured in HNP4. A more negative 
inspiratory pressure in all exercise phases was measured in HNP4 only, indicative of 
the development of a dynamic inspiratory upper airway obstruction in HNP4. Despite 
the upper airway obstruction, no decrease in arterial oxygen could be measured, 
which implies that at a moderate level of exercise (highest heart rate 128±4 bpm in 
canter), alveolar ventilation remained unaffected. Interestingly, the horses in this study 
demonstrated a marked drop in arterial oxygen during canter to a level comparable to 
race horses exercising with a heart rate of 201 bpm (Art et al. 1990). In combination 
with the high respiratory frequencies documented and the preserved low inspiratory 
pressures during the trot (5min) after canter (4 min), this suggests a relative inefficient 
alveolar ventilation in these base level trained Royal Dutch sport horses.  

Chapter 7 described the effect of different head and neck positions on indicators of 
stress. The results presented in Chapter 7 differ from the previous chapters in that 
HNP4 did not have the greatest effect on clinical parameters measured as indicators of 
stress in the exercising horse. It must be mentioned that during the habituation period 
prior to the actual study, individual horses did show behavioural signs of resistance 
while being trained in HNP4, this is, however, not reflected in the behavioural scores 
in the actual study. In the extended head and neck positions (HNP2 and HNP5) the 
horses showed more conflict behaviour. In general, the horses seemed to demonstrate 
a more submissive behaviour in the flexed positions (HNP4 and HNP7), which is in 
agreement with the argument that riders feel that their horse is more under control and 
more sensitive to the riders’ input while trained in a flexed head and neck position 
(Sloet van Oldruitenborgh-Oosterbaan et al. 2006). The question whether the horse 
indeed feels more relaxed or just does not have the ability to behave in an adverse 
manner, is at least partly answered by the heart rate variability and cortisol results. 
Heart rate variability measurements demonstrated a shift to sympathic dominance 
in HNP2 and HNP4; this could represent exercise stress. A significant rise in saliva 
cortisol concentration was demonstrated in HNP2, 5 and 30 minutes after exercise. 
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Furthermore, the difference between 5 and 30 min after exercise, in plasma cortisol 
concentration was significantly higher in HNP2. However, the plasma and saliva 
cortisol concentrations in HNP7 were comparable with HNP1. This finding would 
back up the behavioural scores (more adverse behaviour observed in HNP2 and 
HNP5). Although the accusations of increased stress in horses trained in HNP4 could 
not be substantiated by the observation of conflict behaviour or an increase in cortisol 
concentrations in HNP4, the effects on neuromuscular functionality and upper airway 
function must be strongly considered while training in this specific position. 

Taken together, the combined findings of all chapters underline the importance of 
a reproducible research protocol, representative of common equine practice. In this 
thesis, the effects of different head and neck positions on a range of clinical parameters 
were measured, all influencing the welfare of the equine athlete, represented by the 
base level trained dressage horse. In general, the use of a consequent nomenclature 
and definition of each head and neck position in both the lay and scientific literature 
is imperative. The Fédération Equestre Internationale (FEI) defines the hyperflexed 
position as flexion of the horse’s neck achieved through aggressive force which was 
therefore found to be unacceptable. The technique known as Low, Deep and Round 
(LDR), which achieves flexion without undue force, was accepted as a training 
method (FEI, 2010a). The diagrams published by the FEI demonstrate the accepted 
head and neck positions, of which the low/ long, deep and round position closely 
resembles HNP7 described in this thesis (FEI, 2010b).  In the author’s opinion, the 
name “low, deep and round” should be reserved for the position accepted by the FEI 
and represented by HNP7. The name “hyperflexed’ should be reserved for the position 
described by dressage trainers using the technique (Janssen, 2003) and represented 
by HNP4, which is significantly different from the illustration of a raised neck with 
the bridge of the nose far behind the vertical, used by some authors (Heuschmann, 
2006). Neuromuscular techniques demonstrated a MCD value in HNP7 that most 
closely resembled the MCD in HNP1, while based on human reference values there 
was a 13.6 times greater chance of a MCD value in the pathological range in HNP4 
compared to HNP1. Furthermore, although each head and neck position influenced 
upper airway functionality, an inspiratory upper airway tract obstruction only 
developed in HNP4. These are positive observations as HNP7 may illustrate the low, 
deep and round technique approved by the FEI (FEI 2010b), which underlines that it 
might be beneficial for the the base level trained dressage horse if the new regulations 
are also applied during local competitions.  It must be noted that this study was 
conducted in lunged horses in an exercise protocol of 24 minutes; the results might 
therefore be different in other circumstances. The FEI, however, already stated that 
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“movements which involve having the horse’s head and neck carriage in a sustained 
or fixed position should only be performed for periods not exceeding approximately 
10 minutes without change” (FEI, 2010b). Furthermore, HNP7 was not included in the 
biomechanical studies mentioned earlier (Gómez-Alvarez et al. 2006; Rhodin et al. 
2009; Weishaupt et al. 2006; Waldern et al. 2009), it would be interesting to evaluate 
the effects of HNP7 on back kinematics and the loading pattern of the locomotor 
apparatus before giving any final recommendations. 

Head and neck position 5 represents an extreme extended position, generally not 
recommended in the training of dressage/show jumping horses with proven negative 
effects on the locomotor apparatus (Gómez-Alvarez et al. 2006; Rhodin et al. 2009; 
Weishaupt et al. 2006; Waldern et al. 2009). Head and neck position 2, however, 
represents the desired position during dressage competition. Compared to the 
free control position (HNP1), HNP2 caused a significant effect on neuromuscular 
functionality with a second highest MCD value after exercise. Furthermore, the 
horses demonstrated a significant adverse behavioural pattern while trained in HNP2 
(Chapter 7) with the highest rise in saliva cortisol levels in HNP2. It might, therefore, 
be argued that in the base level trained dressage horse, HNP2 might not be without 
negative effects on horse welfare either. The results of this thesis should, however, not 
be directly extrapolated to the high level dressage horse. Further studies are needed to 
assess the effect of different head and neck positions in high level performance horses.  

In this thesis, HNP4 was shown to cause an inspiratory upper airway tract obstruction 
but without a significant effect on arterial oxygenation. Further research is needed to 
investigate the effect of HNP4 in horses with an existing upper airway obstruction 
and/or lower airway disease or during more strenuous exercise. Head and neck flexion 
and extension has a significant effect on symptoms experienced by humans suffering 
from cervical radiculopathy (Kitagawa et al. 2004). It would, therefore, be relevant 
to measure the effect of different head and neck positions in horses suffering from 
cervical facet joint arthrosis and peripheral neuropathy as measured by quantitative 
electromyography (Wijnberg et al. 2004, 2009).





Referenties

111

C
ha

pt
er

8

referenties
Abbed, K.M. and Coumans, J.V. (2007) Cervical radiculopathy: pathophysiology, presentation, and clinical 

evaluation. Neurosurg. 60 Suppl 11, S28-S34.
Aisen, M.L., Adelstein, B.D., Romero, J., Morris, A., Rosen, M. (1992) Peripheral mechanical loading and 

the mechanism of the tremor of chronic alcoholism. Arch. Neurol. 49, 740.
Andrews, F.M. (1998) Electrodiagnostic aids and selected neurological diseases. In: Equine Internal 

Medicine, Eds: S.M. Reed and B.M. Bayly, W.B. Saunders Company, Philadelphia. pp 438-451.
Anon (2010) FEI Round table conference resolves Rollkur controversy. Press Release February 9, 

2010. Available at: http://www.horsesport.org/disciplines/dressage/ press-releases/Fei-round-table-
Conference-resolves-rollkur-controversy (accessed 22 July 2010).

Añor, S., Lipsitz, D.,Williams, D.C., Tripp, L.,Willits, N., Maselli, R. and LeCouteur, R.A. (2003) 
Evaluation of jitter by stimulated single-fiber electromyography in normal dogs. J. Vet. Intern. Med. 
17, 545-550.

Alafifi, T., Kern, R., Fehlings, M. (2007) Clinical and MRI predictors of outcome after surgical intervention 
for cervical spondylotic myelopathy. J. Neuroimaging 17, 315-322.

Art, T., Anderson, L., Woakes, A. J., Roberts, C., Butler, P. J., Snow, D. H., and Lekeux, P. (1990) Mechanics 
of breathing during strenuous exercise in Thoroughbred horses. Respir.  Physiol. 82, 279-294.

Art, T. and  Lekeux, P. (1988) A critical assessment of pulmonary function testing in exercising ponies. Vet. 
Res. Commun. 12, 25-39.

Art, T. and Lekeux, P. (1988) Respiratory airflow patterns in ponies at rest and during exercise. Can. J. Vet. 
Res. 52, 299-303.

Art, T. and Lekeux, P. (1989) Work of breathing in exercising ponies. Res. Vet. Sci. 46, 49-53. 
Art, T. and Lekeux, P. (1995) Ventilatory and arterial blood gas tension adjustments to strenuous exercise 

in standardbreds. Am. J. Vet. Res. 56, 1332-1337.
Bachmann, I., Bernasconi, P., Herrmann, R., Weishaupt, M.A., Stauffacher, M. (2003) Behavioural and 

physiological responses to an acute stressor in crib-biting and control horses. Appl. Anim. Behav. Sci. 
82, 297-311.

Becker-Birck, M., Schmidt, A., Wulf, M., Aurich, J., von der Wense, A., Möstl, E., Berz, R., Aurich, C. 
(2013) Cortisol release, heart rate and heart rate variability, and superficial body temperature, in 
horses lunged either with hyperflexion of the neck or with an extended head and neck position. J. 
Anim. Physiol. Anim. Nutr. (Berl) 97, 322-30.

Bernardi, L., Valle, F., Coco, M., Calciati, A., Sleight, P. (1996) Physical activity influences heart rate 
variability and very-low-frequency components in Holter electrocardiograms. Cardiovasc. Res. 32, 
234-237.

Berner, D., Winter, K., Brehm, W., Gerlach, K. (2012) Influence of head and neck position on radiographic 
measurement of intervertebral distances between thoracic dorsal spinous processes in clinically sound 
horses. Equine Vet. J. 44 Suppl. 43, 21-6.

Biau, S., Couve, O., Lemaire, S., Barrey, E. (2002) The effect of reins on kinetic variables of locomotion. 
Equine Vet. J. Suppl. 34, 359-362.

Buchner, H.H.F., Savelberg, H.H.C.M., Schamhardt, H.C., Barneveld, A. (1997) Inertial properties of 
Dutch Warmblood horses. J. Biomech. 30, 653-658.

Butler, P.J., Woakes, A.J., Smale, K., Roberts, C.A., Hillidge C.J., Snow, D.H., Marlin,      D.J. (1993) 
Respiratory and cardiovascular adjustments during exercise of increasing intensity and during 
recovery in thoroughbred racehorses J. Exp. Biol. 179, 159-180.

Cehak, A., Rohn, K., Barton, A.K., Stadler, P., Ohnesorge, B. (2010) Effect of head and neck position on 
pharyngeal diameter in horses. Vet. Radiol. and Ultrasound 51, 491-7.



Chapter 8

112

Christensen, J.W., Zharkikh, T., Antoine, A., Malmkvist, J. (2010) Rein tension acceptance in young horses 
in a voluntary test situation. Equine Vet. J. 43, 223-228.

Christley, R. M., Hodgson, D. R., Evans, D. L., and Rose, R. J. (1997) Cardiorespiratory responses to 
exercise in horses with different grades of idiopathic laryngeal hemiplegia. Equine Vet. J. 29, 6-10.

Claridge, H.A.H., Piercy, R.J., Parry, A., Weller, R. (2010) The 3d anatomy of the cervical articular process 
joints in the horse and their topographical relationship to the spinal cord. Equine Vet. J. 42, 726-731.

Clayton, H.M. and Townsend, H.G.G. (1989) Kinematics of the cervical spine of the adult horse. Equine 
Vet. J. 21, 189-192.

Da Costa, R.C. and Parent, J.M. (2007) One-year clinical and magnetic resonance imaging follow-up of 
Doberman Pinschers with cervical spondylomyelopathy treated medically or surgically. J. Am. Vet. 
Med. Assoc. 231, 243-250.

Daube, J.R. and Rubin, D.I. (2009) Needle electromyography. Muscle Nerve 39, 244-270.
De Heus, P., van Oossanen, G., van Dierendonck, M.C., Back, W. (2010) A pressure algometer is a useful 

tool to objectively monitor the effect of diagnostic palpation of a physiotherapist in Warmblood 
horses. J. Equine Vet. Sci. 30, 310-321.

Denoix, J.M. and Audigie, F. (2001) The neck and back. In: Equine Locomotion, 1st edn., Eds: W. Back and 
H.M. Clayton, W.B. Saunders, London. pp 167-192.

Denoix, J.M. and Pailloux, J.P. (2001) Treatment by anatomical area. In: Physical Therapy and Massage for 
the Horse, 2nd edn., Manson Publishing, London. p193.

Down, S.S. and Henson, F.M.D. (2009) Radiographic retrospective study of the caudal cervical articular 
process joints in the horse. Equine Vet. J. 41, 518-524.

Ducharme, N. G., Hackett, R. P., Gleed, R. D., Ainsworth, D. M., Erb, H. N., Mitchell, L. M., Soderholm, 
L. V. (1999) Pulmonary capillary pressure in horses undergoing alteration of pleural pressure by 
imposition of various upper airway resistive loads. Equine Vet. J. Suppl. 30, 27-33.

Dunbar, D.C., Macpherson, J.M., Simmons, R.W., Zarcades, A. (2008) Stabilization and mobility of the 
head, neck and trunk in horses during overground locomotion: Comparisons with humans and other 
primates. J. expt. Biol. 211, 3889-3907.

Durando, M. M., Martin, B. B., Davidson, E. J., Birks, E. K. (2006) Correlations between exercising arterial 
blood gas values, tracheal wash findings and upper respiratory tract abnormalities in horses presented 
for poor performance. Equine Vet. J. Suppl. 36, 523-528.

Durando, M. M., Martin, B. B., Hammer, E. J., Langsam, S. P., Birks, E. K. (2002) Dynamic upper airway 
changes and arterial blood gas parameters during treadmill exercise. Equine Vet. J. Suppl. 34, 408-
412. 

Dyce, K.M., Sack, W.O., Wensing, C.J.G. (2002) The nervous system. In: textbook of Veterinary Anatomy. 
3rd ed. Saunders Publishing, Philadelphia, p259.

Ebraheim, N.A., Liu, J., Shafiq, Q., Lu, J., Pataparla, S., Yeasting, R.A., Woldenberg, L. (2006) Quantitative 
analysis of changes in cervical intervertebral foramen size with vertebral translation. Spine 31, 
E62-E65.

Elgersma, A., Wijnberg, I.D., Sleutjens, J., van der Kolk, J.H., Van Weeren, P.R., Back, W. (2010) A 
pilot study on objective quantification and anatomical modelling of in vivo head and neck positions 
commonly applied in training and competition of sport horses. Equine Vet. J. Suppl. 38, 437-444.

Farmer, J.C. and Wisneski, R.J. (1994) Cervical spine nerve root compression. An analysis of neuroforaminal 
pressures with varying head and arm positions. Spine 19, 1850-1855.

Fédération Equestre Internationale . FEI Round table conference resolves Rollkur controversy. Press 
Release Febr 9th, 2010a. Available at: http://www.fei.org/disciplines/dressage/press-releases/fei-
round-table-conference-resolves-rollkur-controversy. Accessed Feb,2, 2013.



Referenties

113

C
ha

pt
er

8

Fédération Equestre Internationale. Diagrams published for Stewards Manual on warm-up techniques. 
Press Release May 11th, 2010b. Available at: http://www.fei.org/disciplines/dressage/press-releases/
diagrams-published-stewards-manual-warm-techniques. Accessed Feb, 2, 2013.

Franklin, S.H., Naylor. J.R.J., Lane, J.G. (2006) Videoendoscopic evaluation of the upper respiratory tract 
in 93 sport horses during exercise testing on a high-speed treadmill. Equine Vet. J. Suppl. 36, 540–545.

Fuglsang-Frederiksen, A. (2006) The role of different EMG methods in evaluating myopathy. Clin. 
Neurophysiol. 117, 1173-1189.

Foss, R.R., Genetzky, R.M., Riedesel, E.A., Graham, C. (1983) Cervical intervertebral disc protrusion in 
two horses. Can. Vet. J. 24, 188-191.

Friedrich, K.M., Trattnig, S., Millington, S.A., Friedrich, M., Groschmidt, K., Pretterklieber, M.L. (2007) 
High-field magnetic resonance imaging of meniscoids in the zygapophyseal joints of the human 
cervical spine. Spine 32, 244-248.

Gabriel, D.A., Kamen, G., Frost, G. (2006) Neural adaptations to resistive exercise: mechanisms and 
recommendations for training practices. Sports Med. 36, 133-149.

Gamelin, F.X., Berthoin, S., Bosquet, L. (2006) Validity of the polar S810 heart rate monitor to measure RR 
intervals at rest. Med. Sci. Sports Exerc. 38, 887.

Gellman, K.S. and Bertram, J.E.A. (2002a) The equine nuchal ligament 1: Structural and material properties. 
Vet. Comp. Orthop. Traumatol. 15, 1-6.

Gellman, K.S. and Bertram, J.E.A. (2002b) The equine nuchal ligament 2: Passive dynamic energy 
exchange in locomotion. Vet. Comp. Orthop. Traumatol. 15, 7-14.

Gellman, K.S., Bertram, J.E.,  Hermanson, J.W. (2002) Morphology, histochemistry, and function of 
epaxial cervical musculature in the horse (Equus caballus). J. Morphol. 251, 182-194.

Gómez-Álvarez, C.B., Rhodin, M., Bobbert, M.F., Meyer, H., Weishaupt, M.A., Johnston, C., vanWeeren, 
P.R. (2006) The effect of head and neck position on the thoracolumbar kinematics in the unridden 
horse. Equine Vet. J. Suppl. 36, 445-451.

Hahn, C.N., Handel, I., Green, S.L., Bronsvoort, M.B., Mayhew, I.G. (2008) Assessment of the utility of 
using intra- and intervertebral minimum sagittal diameter ratios in the diagnosis of cervical vertebral 
malformation in horses. Vet. Radiol. &Ultrasound 49, 1-6.

Harris, P.A. (1998) Musculoskeletal disease. In: Equine Internal Medicine, Eds: S.M. Reed and B.M. Bayly, 
W.B. Saunders, Philadelphia. pp 380-382.

Haussler, K.K. and Erb, H.N. (2006) Mechanical nociceptive thresholds in the axial skeleton of horses. 
Equine Vet.  J. 38, 70-75.

Heuschmann, G. (2006) Tug of War: Classical versus “Modern” Dressage, Wu Wei Verlag, Schondorf. pp 
85-91.

Houle, M.S. and Billman, G.E. (1999) Low-frequency component of the heart rate variability spectrum: a 
poor marker of sympathetic activity. Am. J. Physiol. Heart Circ. Physiol. 276, 215-223.

Hubbard, R.D. and Winkelstein, B.A. (2008) Dorsal root compression produces myelinated axonal 
degeneration near the biomechanical thresholds for mechanical behavioural hypersensitivity. Exp. 
Neurol. 212, 482-489.

Humphreys, S.C., Chase, J., Patwardhan, A., Shuster, J., Lomasney, L. Hodges, S.D. (1998) Flexion and 
traction effect on C5-C6 foraminal space. Arch. Phys. Med. Rehabil. 79, 1105-1109.

Irvine, C.H. and Alexander, S.L. (1994) Factors affecting the circadian rhythm in plasma cortisol 
concentrations in the horse. Domest. Anim. Endocrinol. 11, 227-238.

Jackson, J. A., Ducharme, N. G., Hackett, R. P., Rehder, R. S., Ainsworth, D. M., Shannon, K. J., Erickson, 
B. K., Erb, H. N., Jansson, N., Soderholm, L. V.,Jr, Thorson, L. M. (1997) Effects of airway obstruction 
on transmural pulmonary artery pressure in exercising horses. Am. J. Vet. Res. 58, 897-903.

Janssen, S. (2003) Zur Brust genommen. Reiter Revue 46, 41-45.



Chapter 8

114

Jansson, N. (2001) What is your diagnosis? Multiple intervertebral disk prolapses. J. Am. Vet. Med. Assoc. 
219, 1681-1682.

Jeffcott, L.B., Attock, A., Higgins, A. (2006) The use of over bending (‘Rollkur’) in FEI competition. Report 
of the FEI Veterinary and Dressage Committees’ Workshop. Fédération Equestre Internationale, 
Lausanne.

Kimura, J. (2001a) Types of electromyographic abnormalities. In: Electrodiagnosis in Diseases of Nerve 
and Muscle Principles and Practise, 3rd edn., Ed: J. Kimura, Oxford University Press, Oxford. pp 
339-369.

Kimura, J. (2001b) Single fiber and macro electromyography. In: Electrodiagnosis in Diseases of Nerve 
and Muscle. Principles and Practise, 3rd edn., Ed: J. Kimura, Oxford University Press, Oxford. pp 
384-394.

Kimura, J. (2001c) Techniques to assess muscle function. In: Electrodiagnosis in Diseases of Nerve and 
Muscle. Principles and Practise, 3rd edn., Ed: J. Kimura, Oxford University Press, Oxford. pp 327-
329.

King, C. M., Evans, D. L., Rose, R. J. (1994) Cardiorespiratory and metabolic responses to exercise in 
horses with various abnormalities of the upper respiratory tract. Equine Vet. J. 26, 220-225.

Kitagawa, T., Fujiwara, A., Kobayashi, N., Saiki, K., Tamai, K., Saotome, K. (2004) Morphologic changes 
in the cervical neural foramen due to flexion and extension: In vivo imaging study. Spine 29, 2821-
2825.

Kneissl, S., Weidner, S., Probst, A. (2011) CT Sialography in the Dog – A Cadaver Study. Anat. Histol. 
Embryol. 40, 397-401.

König von Borstel, U., Euent, S., Graf, P., König, S., Gauly, M. (2011) Equine behaviour and heart rate in 
temperament tests with or without rider or handler. Physiol. Behav. 104, 454-463.

Krzywanek, H., Mohr, E., Mill, J., Scharpenack, M. (1996) Changes of serum enzymes, lactate and 
hemoglobin concentrations in the blood of young trotting horses due to training exertion. Zentralbl. 
Veterinarmed. A. 43, 345-352.

Levine, J.M., Ngheim, P.P., Levine, G.J., Cohen, N.D. (2008) Associations of sex, breed, and age with 
cervical vertebral compressive myelopathy in horses: 811 cases (1974- 2007). J. Am. Vet. Assoc. 233, 
1453-1458.

Lu, J., Ebraheim, N.A., Huntoon, M., Haman, S.P. (2000) Cervical intervertebral disc space narrowing and 
size of intervertebral foramina. Clin. Orthop. Relat. Res. 370, 259-264.

Ludvikova, E.,Wijnberg, I.D., Fictum, P., Lukas, Z., van der Kolk, J.H., Hanak, J., Jahn, P. (2008) 
Histopathological findings in horses with and without clinical signs of rhabdomyolysis with special 
reference to polysaccharide storage myopathy. Veterinarni Medicina 53, 660-667.

Marks, D. (1999) Cervical nerve root impingement in a horse, treated by epidural injection of corticosteroids. 
J. Equine Vet. Sci. 19, 399-401.

Matter, R., Carroll, J., Dyer, C. (2000) Neuroendocrine responses to stress. The biology of animal stress: 
basic principles and implications for animal welfare, 43.

McDonnell, S. (2003) Practical Field Guide to Horse Behavior: The Equid Ethogram. The Blood-Horse, 
Inc.

McGreevy, P.D., Harman, A., McLean, A.N., Hawson, L. (2010) Over-flexing the horse’s neck: A modern 
equestrian obsession? J. Vet. Behav. 5, 180-186.

McGreevy, P., Warren-Smith, A., Guisard, Y. (2012) The effect of double bridles and jaw-clamping crank 
nosebands on temperature of eyes and facial skin of horses. J. Vet. Behav.-Clin. Appl. Res. 7, 142-148.

McLean, A.N., McGreevy, P.D. (2010) Horse-training techniques that may defy the principles of learning 
theory and compromise welfare. J. Vet. Behav. 5, 187-195.

Meyer, H. (1992) Rollkur. St. Georg 11, 70-73.



Referenties

115

C
ha

pt
er

8

Mitchell, C.W., Nykamp S.G., Foster R., Cruz R., Montieth G. (2012) The use of magnetic resonance 
imaging in evaluating horses with spinal ataxia. Vet. Radiol.&Ultrasound 53, 613-620.

Montagna, P., Liguori, R., Monari, L., Strong, P.N., Riva, R., Di Stasi, V., Gandini, G., Cipone, M. (2001) 
Equine muscular dystrophy with myotonia. Clin. Neurophysiol. 112, 294-299.

Moore, B.R., Holbrook, T.C., Stefanacci, J.D., Reed, S.M., Tate, L.P., Menard, M.C. (1992) Contrast-
enhanced computed tomography and myelography in six horses with cervical stenotic myelopathy. 
Equine Vet. J. 24, 197-202.

Morishita, Y., Hida, S., Naito, M., Arimizu, J., Matsushima, U., Nakamura, A. (2006) Measurement of the 
local pressure of the intervertebral foramen and the electrophysiologic values of the spinal nerve roots 
in the vertebral foramen. Spine 31, 3076-3080.

Möstl, E. and Palme, R. (2002) Hormones as indicators of stress. Domest. Anim. Endocrinol. 23, 67-74.
Muhle, C., Resnick, D., Ahn, J.M., Sudmeyer, M., Heller, M. (2001) In vivo changes in the neuroforaminal 

size at flexion-extension and axial rotation of the cervical spine in healthy persons examined using 
kinematic magnetic resonance imaging. Spine 26, E287-E293.

Nandedkar, S.D., Barkhaus, P.E., Sanders, D.B., Stålberg, E.V. (1988) Analysis of amplitude and area of 
concentric needle EMG motor unit action potentials. Electroencephalogr. Clin. Neurophysiol. 69, 
561-567.

Niskanen, J.P., Tarvainen, M.P., Ranta-Aho, P.O., Karjalainen, P.A. (2004) Software for advanced HRV 
analysis. Comput. Methods Programs Biomed. 76, 73-81.

Nuckley, D.J., Konodi, M.A., Raynak, G.C., Ching, R.P., Mirza, S.K. (2002) Neural space integrity of the 
lower cervical spine: Effect of normal range of motion. Spine 27, 587-595.

Ohmura, H., Hiraga, A., Aida, H., Kuwahara, M., Tsubone, H., Jones, J.H. (2006) Changes in heart rate 
and heart rate variability in Thoroughbreds during prolonged road transportation. Am. J. Vet. Res. 67, 
455-62.

Padua, L., Aprile, I., D’Amico, P., Pauri, F., Sabatelli, M., Caliandro, P., Tonali, P. (2001) A useful 
electrophysiological test for diagnosis of minimal conduction block. Clin. Neurophysiol. 112, 1041-
1048.

Padua, L., Caliandro, P., Stålberg, E. (2007) A novel approach to the measurement of motor conduction 
velocity using a single fibre EMG electrode. Clin. Neurophysiol. 118, 1985-1990.

Parker, M., Goodwin, D., Eager, R.A., Redhead, E.S., Marlin, D.J. (2009) Comparison of Polar® heart rate 
interval data with simultaneously recorded ECG signals in horses. Comparative Exercise Physiology 
6, 137-142.

Peeters, M., Sulon, J., Beckers, J.F., Ledoux, D., Vandenheede, M. (2011) Comparison between blood 
serum and salivary cortisol concentrations in horses using an adrenocorticotropic hormone challenge. 
Equine Vet. J. 43, 487-493.

Petsche, V.M., Derksen, F.J., Berney, C.E., Robinson, N.E. (1995) Effect of head position    on upper airway 
function in exercising horses. Equine Vet. J. Suppl. 18, 18-22.

Physick-Sheard, P.W., Marlin, D.J., Thornhill, R., Schroter, R.C. (2000) Frequency domain analysis of 
heart rate variability in horses at rest and during exercise. Equine Vet. J.  32, 253-62.

Platform diergeneeskunde en samenleving. (2009) Dierenwelzijn: De diergeneeskundige positie. 
Available at: http://www.uu.nl/faculty/veterinarymedicine/nl/profielenmissie/standpunten/
standpuntdierenwelzijn/Pages/default.aspx Accessed on 21th April, 2013.

Pomeranz, B., Macaulay, R., Caudill, M.A., Kutz, I., Adam, D., Gordon, D., Kilborn, K.M., Barger, A.C., 
Shannon, D.C., Cohen, R.J. (1985) Assessment of autonomic function in humans by heart rate spectral 
analysis. Am. J. Physiol. Heart Circ. Physiol. 248, H151-H153.

Prange, T., Carr, E.A., Stick, J.A., Garcia-Pereira, F.L., Patterson, J.S., Derksen, F.J. (2012) Cervical 
vertebral canal endoscopy in a horse with cervical vertebral stenotic myelopathy. Equine Vet. J. 44, 
116-9.



Chapter 8

116

Reuleaux, F. (1875) Theoretische Kinematik: Grundzüge Einer Theorie Des Maschinenwesens. F. Vieweg, 
Braunschweig; MacMillan, London. (1963) The Kinematics of Machinery: Outline of A Theory of 
Machines, (translated by A.B.W. Kennedy), Dover, New York. pp 56-70

Reed, S., Grant, B., Nout, Y. (2008) Cervical vertebral stenotic myelopathy. In: Equine Neurology.  Eds: 
Furr, M. and Reed, S. Blackwell Publishing, Ames, p283.

Rhodin, M., Gomez Alvarez, C.B., Bystrom, A., Johnston, C., van Weeren, P.R., Roepstorff, L., Weishaupt, 
M.A. (2009) The effect of different head and neck positions on the caudal back and hindlimb 
kinematics in the elite dressage horse at trot. Equine Vet. J. 41, 274-279.

Rhodin, M., Johnston, C., Holm, K.R., Wennerstrand, J., Drevemo, S. (2005) The influence of head and 
neck position on kinematics of the back in riding horses at the walk and trot. Equine Vet. J. 37, 7-11.

Ricardi, G. and Dyson, S. J. (1993) Forelimb lameness associated with radiographic abnormalities of the 
cervical vertebrae. Equine Vet. J. 25, 422-426.

Rietmann, T.R., Stauffacher, M., Bernasconi, P., Auer, J.A., Weishaupt, M.A. (2004a) The association 
between heart rate, heart rate variability, endocrine and behavioural pain measures in horses suffering 
from laminitis. J. Vet. Med. 51, 218-25.

Rietmann, T.R., Stuart, A.E.A., Bernasconi, P., Stauffacher, M., Auer, J.A., Weishaupt, M.A. (2004b) 
Assessment of mental stress in warmblood horses: heart rate variability in comparison to heart rate 
and selected behavioural parameters. Appl. Anim. Behav. Sci. 88, 121-136.

Sabbahi, M. and Abdulwahab, S. (1999) Cervical root compression monitoring by flexor carpi radialis 
H-reflex in healthy subjects. Spine 24, 137-141.

Sanchez, A., Couetil, L. L., Ward, M. P., Clark, S. P. (2005) Effect of airway disease on blood gas exchange 
in racehorses. J. Vet. Intern. Med. 19, 87-92.

Sanders, D.B. (2002) Clinical impact of single – fiber electromyography. Muscle Nerve, Suppl. 11, S15-S20.
Sanders, D.B. and Stålberg, E.V. (1996) AAEM minimonograph #25: Single-fiber electromyography 

review. Muscle Nerve 19, 1069-1083.
Schmidt, A., Aurich, J., Möstl, E., Müller, J., Aurich, C. (2010a) Changes in cortisol release and heart rate 

and heart rate variability during the initial training of 3-year-old sport horses. Horm. Behav. 58, 628-
636.

Schmidt, A., Möstl, E., Wehnert, C., Aurich, J., Müller, J., Aurich, C. (2010b) Cortisol release and heart rate 
variability in horses during road transport. Horm. Behav. 57, 209-215.

Schmidt, A., Biau, S., Mostl, E., Becker-Birck, M., Morillon, B., Aurich, J., Faure, J.M., Aurich, C. 
(2010c) Changes in cortisol release and heart rate variability in sport horses during long-distance road 
transport. Domest. Anim. Endocrinol. 38, 179-189.

Schnebel, B.E., Watkins, R.G., Dillin, W. (1989) The role of spinal flexion and extension in changing nerve 
root compression in disc herniations. Spine 14, 835-837.

Schweitzer, M.E.,  Hodler, J.,  Cervilla, V.,  Resnick, D. (1992) Craniovertebral junction: Normal anatomy 
with MR correlation. AJR 158, 1087-1090.

Siemens Healthcare Diagnostics BV. (2008) Appendix E: operating principles. In: RL800 series operator’s 
manual. Breda, The Netherlands: Siemens Healthcare Diagnostics BV, 1–17.

Sleutjens J., Voorhout G., van der Kolk J.H., Wijnberg I.D., Back W. (2010) The effect of ex vivo flexion 
and extension on intervertebral foramina dimensions in the equine cervical spine. Equine Vet. J. 
Suppl. 38, 425-430.

Sleutjens, J., Smiet, E., van Weeren, P.R., van der Kolk, J.H., Back, W., Wijnberg, I.D. (2012) Effect of 
head and neck position on intrathoracic airway resistance and arterial blood gas values. Am. J. Vet. 
Res. 73, 522-528.

Sloet van Oldruitenborgh-Oosterbaan, M.M., Blok, M.B., Begeman, L., Kamphuis, M.C.D., Lameris, 
M.C., Spierenburg, A.J., Lashley,M.J.J.O. (2006) Workload and stress in horses: comparison in horses 
ridden deep and round (‘Rolkür’) with a draw rein and horses ridden in a natural frame with only light 
rein contact. Tijdschr. Diergeneeskd. 131, 114-119.



Referenties

117

C
ha

pt
er

8

Skyschally, A., Breuer, H.W., Heusch, G. (1996) The analysis of heart rate variability does not provide a 
reliable measurement of cardiac sympathetic activity. Clin. Sci. (Lond) 91 Suppl, 102-104.

Song, H.S. and Lehrer, P.M. (2003) The effects of specific respiratory rates on heart rate and heart rate 
variability. Appl. Psychophysiol. Biofeedback 28, 13-23.

Sonoo, M.S. and Stålberg, E.V. (1993) The ability of motor unit action potentials parameters to discriminate 
between normal and neurogenic motor unit action potentials parameters in concentric EMG: analysis 
of the motor unit action potentials ‘thickness’ and the proposal of ‘size index’. Electroencephalogr. 
Clin. Neurophysiol. 89, 291-303.

Spruijt, B.M., van den Bos, R., Pijlman, F.T.A. (2001) A concept of welfare based on 
reward  evaluating mechanisms in the brain: anticipatory behaviour as an indicator for the 
state  of reward systems. Appl. Anim. Behav. Sci. 72, 145–171.                                           

Steiss, J.E. and Forsyth, G. (1984) Effect of electromyography ion serum creatine kinase values in clinically 
normal dogs and horses. Am. J. Vet. Res. 45, 1199-1200.

Stålberg, E. and Trontelj, J.V. (1997) The study of normal and abnormal neuromuscular transmission with 
single fibre electromyography. J. Neurosci. Methods 74, 145- 154.                                                                                                                                    

Strand, E., Fjordbakk, C. T., Holcombe, S. J., Risberg, A., Chalmers, H. J. (2009) Effect of poll flexion 
and dynamic laryngeal collapse on tracheal pressure in Norwegian Coldblooded Trotter racehorses.
Equine Vet. J. 41, 59-64.                                             

Tanaka, Y., Kokubun, S., Sato, T., Ozawa, H. (2006) Cervical roots as origin of pain in the neck or scapular 
regions. Spine 31, E568-E573.

Tokuriki, M., Ohtsuki, R., Kai, M., Hiraga, A., Oki, H., Miyahara, Y., Aoki, O. (1999) EMG activity of the 
muscles of the neck and forelimbs during different forms of locomotion. Equine Vet. J. Suppl. 30, 
231-234.

Trontelj, J.V. and Stålberg, E. (1995) Single fiber electromyography in studies of neuromuscular function. 
Adv. Exp. Med. Biol. 384, 109-119.

Van Breda, E. (2006) A non-natural head-neck position (Rolkür) during training results in less acute stress 
in elite, trained, dressage horses. J. Appl. Anim. Welf. Sci. 9, 59-64.

Van der Kolk, J., Wensing, T., Kalsbeek, H., Breukink, H. (1995) Laboratory diagnosis of equine pituitary 
pars intermedia adenoma. Domest. Anim. Endocrinol. 12, 35-39.

Van der Kolk, J., Nachreiner, R., Schott, H., Refsal, K., Zanella, A. (2001) Salivary and plasma concentration 
of cortisol in normal horses and horses with Cushing’s disease. Equine Vet. J. 33, 211-213.

Van Dierendonck, M., Dalum van, M., Beekmans, M., Christensen, J.W. (2012) Acute stress responses of 
dressage horses ridden in three different head and neck positions. Proceedings of the 8th international 
equitation science conference, p62.

Van Dierendonck, M. And Spruijt,B.M. (2012) Coping in groups of domestic horses - Review from a social 
and neurobiological perspective. Appl.Anim.Behav.Sci., 138, 194-202.

Van Weeren, P.R. (2005) Equine ergonomics: A new era? Equine Vet. J. 37, 4-6.
Visser, E.K., Van Reenen, C.G., Van der Werf, J.T.N., Schilder, M.B.H., Knaap, J.H., Barneveld, A., 

Blokhuis, H.J. (2002) Heart rate and heart rate variability during a novel object test and a handling 
test in young horses. Physiol. Behav. 76, 289-296

Von Borell, E., Langbein, J., Després, G., Hansen, S., Leterrier, C., Marchant-Forde, J., Marchant-Forde, 
R., Minero, M., Mohr, E., Prunier, A., Valance, D., Veissier, I. (2007) Heart rate variability as a 
measure of autonomic regulation of cardiac activity for assessing stress and welfare in farm animals 
-- a review. Physiol. Behav. 92, 293-316.

Von Borstel, U.U., Duncan, I.J.H., Shoveller, A.K., Merkies, K., Keeling, L.J., Millman, S.T. (2009) Impact 
of riding in a coercively obtained Rollkur posture on welfare and fear of performance horses. Appl. 
Anim. Behav. Sci. 116, 228-236.



Chapter 8

118

Wagner, P. D., Gillespie, J. R., Landgren, G. L., Fedde, M. R., Jones, B. W., DeBowes, R.  M., Pieschl, R. 
L., Erickson, H. H. (1989) Mechanism of exercise-induced hypoxemia in horses. J. Appl. Physiol. 66, 
1227-1233.

Waldern, N.M., Wiestner, T., von Peinen, K., Gómez Álvarez, C.G., Roepstorff, L., Johnston, C., Meyer, 
H., Weishaupt, M.A. (2009) Influence of different head-neck positions on vertical ground reaction 
forces, linear and time parameters in the unridden horse walking and trotting on a treadmill. Equine 
Vet. J. 41, 268-273.

Warren-Smith, A. K., Greetham,L., Mcgreevy, P.D. (2007) Behavioral and Physiological Responses of 
Horses (Equus Caballus) to Head Lowering. J. Vet. Behav.-Clin. Appl.  Res. 2, 59-67.

Weishaupt, M.A., Wiestner, T., von Peinen, K., Waldern, N., Roepstorff, L., van Weeren, R., Meyer, H., 
Johnston, C. (2006) Effect of head and neck position on vertical ground reaction forces and interlimb 
coordination in the dressage horse ridden at walk and trot on a treadmill. Equine Vet. J. Suppl. 36, 
387-392.

Wijnberg, I.D., Back, W., van der Kolk, J.H. (2002a) Use of EMG examination in 7 horses to localize 
cervical lesions. In: Proceedings of the British Equine Veterinary Association Congress, Equine 
Veterinary Journal Ltd., Newmarket. p 205.

Wijnberg, I.D., Franssen, H., van der Kolk, J.H., Breukink, H.J. (2002b) Quantitative motor unit action 
potential analysis of the normal subclavian muscle in the healthy horse. Am. J. Vet. Res. 63, 198-203.

Wijnberg, I.D., Franssen, H., van der Kolk, J.H., Breukink, H.J. (2002c) Quantitative motor unit action 
potential analysis of skeletal muscles in the Warmblood horse. Equine Vet. J. 34, 556-561.

Wijnberg, I.D., van der Kolk, J.H., Franssen, H., Breukink, H.J. (2002d) Electromyographic changes of 
motor unit activity in horses with induced hypocalcemia and hypomagnesemia. Am. J. Vet. Res. 63, 
849-856.

Wijnberg, I.D., Franssen, H., Jansen, G.H., Back, W., van der Kolk, J.H. (2003a) Quantitative 
electromyographic examination in myogenic disorders of 6 horses. J. Vet. Intern. Med. 17, 185-193

Wijnberg, I.D., van der Kolk, J.H., Franssen, H., Breukink, H.J. (2003b) Needle electromyography in the 
horse compared with its principles in man: a review. Equine Vet. J. 35, 9-17.

Wijnberg, I.D., Back,W., de Jong, M., Zuidhof, M.C., Belt, A.J., van der Kolk, J.H. (2004) The role of 
electromyography in clinical diagnosis of neuromuscular locomotor problems in the horse. Equine 
Vet. J. 36, 718-722.

Wijnberg, I.D., Franssen, H., Jansen, G.H., Ingh, T.S., van der Harst, M.R., van der Kolk, J.H. (2006) The 
role of quantitative electromyography (EMG) in horses suspected of acute and chronic grass sickness. 
Equine Vet. J. 38, 230-237.

Wijnberg, I.D., van Dam, K.G., de Graaf-Roelfsema, E., Keizer, H.A., van Ginneken, M.M., Barneveld, A., 
van Breda, E., van der Kolk, J.H. (2008) (Over) trainings effects on quantitative electromyography 
and muscle enzyme activities in Standardbred horses. J. Appl. Physiol. 105, 1746-1753.

Wijnberg, I.D., Graubner, C., Back,W., Gerber, V. (2009a) Quantitative motor unit action potential analysis 
in two paraspinal muscles in sound adult Warmblood horses. In: Proceedings of the British Equine 
Veterinary Association Congress, Equine Veterinary Journal Ltd., Newmarket. pp 111-112.

Wijnberg, I.D., Sleutjens, J., Van der Kolk, J.H., Back, W.  (2010) Effect of head and neck position on 
outcome of quantitative neuromuscular diagnostic techniques in Warmblood riding horses directly 
following moderate exercise. Equine Vet. J. 42, 261-267.

Williams, L.R., Warren-Smith, A.K. (2010) Conflict responses exhibited by dressage horses during 
competition. J. Vet. Behav.- Clin. Appl. Res. 5, 215-215.

Yoo, J.U., Zou, D., Edwards,W.T., Bayley, J., Yuan, H.A. (1992) Effect of cervical spine motion on the 
neuroforaminal dimensions of human cervical spine. Spine 17, 1131-1136.

Yu, S., Haughton, V.M., Rosenbaum, A.E. (1991) Magnetic resonance imaging and anatomy of the spine. 
Radiol. Clinics North Am. 29, 691-710.



Nederlandse samenvatting

119

C
ha

pt
er

8

Nederlandse samenvatting.
De training van het (dressuur) paard heeft als doel een harmonieus geheel te vormen 
tussen paard en ruiter en het paard zo optimaal mogelijk te laten presteren in de ring. 
Trainers en ruiters zijn van mening dat de hoofd en hals houding een belangrijk 
onderdeel is van deze gymnastische training en dat de hals houding een belangrijke 
invloed heeft op het rug en been gebruik. Echter een bepaalde  hoofd en hals houding, 
ook wel rollkur genoemd, waarbij het paard wordt getraind met de hals sterk gebogen 
en de neus op de borst, staat de laatste jaren ter discussie. Deze houding zou mogelijk 
ongemak en zelfs pijn veroorzaken bij het paard en zou daarmee het algemeen welzijn 
aantasten. De aandacht voor paardenwelzijn bij het algemene publiek beperkt zich 
niet tot het gebruik van de hyperflexed houding. Het aantal (catastrofische) blessures 
in racepaarden en het gebruik van zogenaamde prestatie verhogende hulpmiddelen 
in de show paarden industrie staan tevens ter discussie. De Fédération Equestre 
Internationale (FEI) bracht voor het eerst een reactie uit in 2006, waarin werd 
benadrukt dat de hyperflexed houding correct moet worden gebruikt en dat het trainen 
in deze specifieke positie door minder ervaren ruiters/trainers zou kunnen leiden tot 
misbruik van het paard.  Dit werd aangevuld met een herdefinitie van de hyperflexed 
houding, als een houding die wordt bewerkstelligd door agressief teugel gebruik, wat 
onacceptabel is. De houding genaamd “Low, deep and round” zou de nek buigen 
zonder agressief teugel gebruik en is daarom geaccepteerd als training techniek.  Het 
moet worden benadrukt dat deze nieuwe maatregelen zich vooral concentreren op 
het professionele segment dat presteert op hoog niveau en daarmee vaak in de media 
verschijnt. Echter het gebruik van de hyperflexed houding door minder ervaren ruiters 
komt zeker net zo vaak voor en heeft mogelijk een veel groter effect op paardenwelzijn. 
Dit onderzoek heeft als doel het effect van verschillende hoofd en hals houdingen op 
het welzijn van het gemiddelde sportpaard te verduidelijken. 

De eerste hoofdstukken presenteren het ex vivo gedeelte van dit onderzoek. In hoofdstuk 
3 wordt de anatomie van de cervicale wervelkolom en het gebruik van magnetic 
resonance imaging (MRI) en computer tomography (CT) besproken. In hoofdstuk 4 
wordt gedemonstreerd dat ex vivo  hals buiging en strekking een vergelijkbaar effect 
heeft in het paard en de mens. Hals buiging vergroot de intervertebrale foramina 
zowel in hoogte als in lengte, terwijl een gestrekte nek de foramina verkleint. Dit 
is een belangrijke observatie omdat de cervicale zenuwen het ruggenmerg verlaten 
door de foramina. Daarmee zou de hals houding dus een effect kunnen hebben op de 
functionaliteit van deze cervicale zenuwen, wat vervolgens gemeten kan worden met 
electromyography (EMG) in het levende paard.
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Het ex vivo gedeelte wordt vervolgd door een in vivo gedeelte waarin 7 paarden van 
gemiddeld niveau (B-M niveau) getraind worden aan de longe in vijf verschillende 
hoofd en hals houdingen. Hoofd en hals houding 1, is de referentie houding waarin 
de paarden in een vrije houding zonder bijzetteugels worden getraind. Hoofd en hals 
houding 2, is de houding die verlangd wordt van het paard tijdens dressuur wedstrijden 
met de hals gestrekt, de kruin hoog en de neusbrug rond de verticaal. Hoofd en hals 
houding 4, is de zogenaamde “hyperflexed” houding met een sterk gebogen nek 
en de neus op de borst. Hoofd en hals houding 5 is een houding met een extreem 
gestrekte nek en de neusbrug ver voor de verticaal. Hoofd en hals houding 7, is een 
alternatieve interpretatie van een gebogen houding met de nek gebogen en de neus op 
de carpus (Fig 1). Deze positie komt overeen met de geaccepteerde “low, deep and 
round” techniek beschreven door de FEI. Dezelfde 7 paarden worden gebruikt voor de 
verschillende onderdelen en worden gemeten in een trainingsprotocol van gemiddelde 
arbeidsintensiteit dat bestaat uit draf (10min, hartslag 101±8), galop (4min, hartslag 
128±10), draf 2 (5min, hartslag 104±7) en stap (5min, hartslag 73±8). 

Figuur 1: De vijf verschillende hoofd en hals houdingen

Houding 1              Houding 2               Houding 4                 Houding 5      Houding 7

Het effect van de verschillende hoofd en hals houdingen op het welzijn van het paard, 
wordt vervolgens gemeten in drie onderdelen:

- Het effect van de hoofd en hals houding op neuromusculaire functionaliteit.    
- Het effect van de hoofd en hals houding op bovenste luchtweg functionaliteit.
- Het effect van de hoofd en hals houding op stress indicatoren. 

In hoofdstuk 2 wordt besproken op welke manier de verschillende hoofd en hals 
houdingen objectief en reproduceerbaar worden gemeten met 4 verschillende 
hoeken en 2 afstanden (Fig 1a). Vervolgens bespreekt hoofdstuk 5 het effect van de 
hoofd en hals houding op neuromusculaire functionaliteit gemeten met behulp van 
electromyography (EMG), single fibre EMG en spierenzymen. Uit dit onderzoekt blijkt 
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dat iedere houding een effect heeft op de neuromusculaire functionaliteit vergeleken 
met de referentie houding (1), echter het grootste effect wordt gemeten in houding 4, 
gevolgd door houding 2. Houding 7 komt er relatief gunstig uit en blijkt het dichtst 
in de buurt te komen bij de waarden gemeten in houding 1. Hoofstuk 6 bespreekt het 
effect van de hoofd en hals houding op de functionaliteit van de bovenste luchtwegen. 
Uit dit onderzoek blijkt dat wederom elke houding een effect heeft op de intrathoracale 
druk tijdens inspiratie en expiratie, gemeten met een drukballon in de oesophagus. Het 
effect is het grootst in houding 4 in elke snelheid (stap, draf en galop), daarmee kan 
geconcludeerd worden dat deze paarden een inspiratoire bovenste luchtweg obstructie 
ontwikkelen in houding 4. Er is echter geen statistisch significant effect op de arteriele 
oxygenatie, wat suggereert dat de alveolaire ventilatie niet beinvloed wordt door de 
hoofd en hals houding in gezonde paarden tijdens deze gemiddelde arbeidsintensiteit.  
In hoofdstuk 7 wordt aangetoond dat na de initiële trainings periode voorafgaand aan 
het onderzoek, waarin individuele paarden moeite hadden om te wennen aan houding 
4, tijdens het onderzoek de gestrekte houdingen (2 en 5) leidden tot zogenaamd conflict 
gedrag. In het algemeen vertoonde de paarden meer submissief gedrag in de gebogen 
houdingen (4 en 7). Dit leidt tot de vraag of de paarden inderdaad meer ontspannen 
waren in de gebogen houdingen, of dat ze de mogelijkheid werd ontnomen door de 
bijzetteugels om conflict gedrag te vertonen. Deze vraag wordt in ieder geval deels 
beantwoord door de cortisol metingen, het zogenaamde stress hormoon, in bloed 
en speeksel. De cortisol concentratie in speeksel was namelijk significant hoger in 
houding 2, 5 en 30 minuten na arbeid. 
 
Concluderend moet benadrukt worden dat iedere hoofd en hals houding een 
effect heeft op het paard, vertegenwoordigd door het gemiddelde (B-M niveau) 
dressuurpaard. Hoewel het effect van houding 4 op stress indicatoren zoals gedrag en 
cortisol metingen niet overtuigend was, moet het effect op de bovenste luchtwegen en 
de neuromusculaire functionaliteit zeker sterk worden overwogen wanneer paarden 
getraind worden in deze houding. Over het algemeen, bleek houding 7 een meer 
vergelijkbaar resultaat op te leveren met de referentie houding (1). Daarmee zou 
geconcludeerd kunnen worden dat als men in een gebogen hoofd en hals houding 
wil trainen, houding 7 wellicht te prefereren is boven houding 4 in het gemiddelde 
dressuurpaard. Echter het effect van houding 7 op het rug en been gebruik van het 
paard is nog onduidelijk. Het zou daarom interessant zijn om eerst het effect van 
houding 7 op de biomechanica van het paard te meten, voordat een definitief advies 
wordt uitgebracht. Houding 5, is een vrij extreem gestrekte houding, waarvan de 
negatieve biomechanische effecten herhaaldelijk zijn aangetoond. Het moet echter 
benadrukt worden dat houding 2, de gewenste wedstrijdhouding, ook een duidelijk 
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effect heeft op het welzijn van het paard vergeleken met de vrije houding. Dit leidt tot 
de vraag of deze houding gewenst is tijdens trainingen en wedstrijden op dit niveau 
(B-M niveau). Het moet duidelijk zijn dat de resultaten van dit onderzoek gelden voor 
het gemiddeld getrainde sportpaard en daarmee niet direct hetzelfde zijn voor paarden 
getraind op professioneel niveau. Bovendien zou het interessant zijn om het effect van 
de hoofd en hals houding te meten in patiënten met een bestaande bovenste luchtweg 
obstructie, of paarden met een bestaand neuromusculair probleem zoals arthrose van 
de facet gewrichten in de hals.  
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