
BRIEF RESEARCH REPORT
published: 12 March 2021

doi: 10.3389/fanim.2021.652115

Frontiers in Animal Science | www.frontiersin.org 1 March 2021 | Volume 2 | Article 652115

Edited by:

Erin E. Connor,

University of Delaware, United States

Reviewed by:

Patricia V. Turner,

University of Guelph, Canada

Leonie Jacobs,

Virginia Tech, United States

*Correspondence:

Richard A. Blatchford

rablatchford@ucdavis.edu

Specialty section:

This article was submitted to

Animal Physiology and Management,

a section of the journal

Frontiers in Animal Science

Received: 11 January 2021

Accepted: 23 February 2021

Published: 12 March 2021

Citation:

Rufener C, Pullin AN and

Blatchford RA (2021) Euthanasia

Through Cervical Dislocation or CO2

Might Affect Keel Bone Fracture

Prevalence in 30-Week-Old Laying

Hens. Front. Anim. Sci. 2:652115.

doi: 10.3389/fanim.2021.652115

Euthanasia Through Cervical
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Bone Fracture Prevalence in
30-Week-Old Laying Hens
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Center for Animal Welfare, Department of Animal Science, University of California, Davis, Davis, CA, United States

Laying hens are susceptible to keel bone fractures due to continuous endogenous

calcium resorption for eggshell formation. Although it is assumed that external trauma to

the keel bone, e.g., due to collisions, is the main cause for fractures, accumulated forces

or asymmetric load on a weakened bone might contribute to the high keel bone fracture

prevalence found in commercial laying hens. The objective of this study was to investigate

whether forces applied to the keel due to involuntary convulsions and uncontrolled wing

flapping during euthanasia have the potential to cause keel bone fractures. Two hundred

and seventy Dekalb White laying hens were euthanized at 30 weeks of age using cervical

dislocation (n = 60) or CO2 (n = 210). All hens were radiographed immediately before

and after euthanasia. Radiographs were compared side by side to detect new fractures.

Four out of the 270 hens (1.5%) obtained a fracture during euthanasia. Specifically,

0.95% of hens euthanized with CO2 (2 out of 210) and 3.3% of hens euthanized through

cervical dislocation (2 out of 60) obtained a euthanasia-induced fracture. All four hens

with a euthanasia-induced fracture had signs of damage to the keel before euthanasia,

indicating that pre-existing fractures could affect fracture susceptibility. Based on our

results, we cannot rule out that convulsions during euthanasia can cause keel bone

fractures in laying hens. In studies investigating keel bone integrity in birds euthanized

with CO2 or cervical dislocation, fracture prevalence might be overestimated. Future

research is needed to assess whether euthanasia might be more likely to cause keel

bone fractures in older birds and to quantify the frequency and strength of convulsions

as a potential cause of fractures.
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INTRODUCTION

Laying hens are susceptible to bone fractures due to continuous endogenous calcium resorption
for eggshell formation (Whitehead, 2004; Johnson, 2015). Fractures of the keel bone are
highly prevalent throughout the laying cycle (reviewed by Rufener and Makagon, 2020),
whereas other bones, such as the furculum, scapula, ischium, pubis, or wing bones, may be
subject to fractures during handling and transport of end-of-lay hens (Gregory and Wilkins,
1989; Gregory et al., 1990; Budgell and Silversides, 2004; Clark et al., 2008). Irrespective of
the bone affected, external trauma to the bone is suspected to be the main direct cause
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for bone fractures (Rufener and Toscano, 2020). For instance,
falls and collisions in the housing system are assumed to
result in keel bone fractures (Harlander-Matauschek et al., 2015;
Stratmann et al., 2015), and removing birds from transport
crates and shackling have been identified as the major source
of fractures during depopulation of end-of-lay hens (Gregory
and Wilkins, 1989). Despite evidence that external trauma can
cause fractures, recent research characterizing keel bone fractures
on a histo-pathological level showed that high energy collisions
cannot be the only cause for bone damage in laying hens (Thøfner
et al., 2020). Alternative pathogeneses such as accumulated forces
or asymmetric load on a weak bone might contribute to the
high fracture prevalence in commercial laying hens (Harlander-
Matauschek et al., 2015).

Involuntary convulsions and severe winging flapping from
common euthanasia methods for poultry, such as cervical
dislocation or CO2 stunning, may be a source of accumulated
forces or asymmetric load (Gerritzen et al., 2000; Sparrey et al.,
2014). McKeegan et al. (2007b) speculated that convulsions
during euthanasia could result in trauma and injury, but only
few studies investigated fractures as a result of the stunning
and euthanasia process specifically. In broilers, wing fracture
prevalence increased by 2.9% between shackling prior to electric
water bath stunning and after stunning (Kittelsen et al., 2015).
In addition, the gas composition in biphasic CO2 stunning
affects wing flapping frequency and wing fracture prevalence
in broilers (Abeyesinghe et al., 2007; McKeegan et al., 2007a),
indicating that the stunning process itself, in addition to
transport, handling, or slaughter, is linked to the occurrence
of fractures. During euthanasia in laying hens, strong or
asymmetric load from severe wing flapping might cause keel
bone fractures as the wing muscles are attached to the keel
bone (Sisson et al., 1975). As a result, researchers interested
in bone integrity often use euthanasia methods that might
lower the risk for convulsions and thus, fractures. However,
these methods, such as the administration of anesthesia (e.g.,
pentobarbital), have several on-farm limitations. The objective
of this study was to investigate whether commonly used
euthanasia methods, such as CO2 and cervical dislocation, have
the potential to cause keel bone fractures. We hypothesized
that CO2 euthanasia and cervical dislocation result in fractures
at the keel as indicated by radiographs directly before and
after euthanasia. In addition, previous studies suggested that
greenstick fractures obtained before full ossification of the
keel bone (Casey-Trott et al., 2017; Toscano et al., 2020)
or other lesions to the keel (Baur et al., 2020) increase the
risk for fractures later in life. Hence, the keel bone status
before euthanasia—i.e., whether a fracture is present or absent
before euthanasia—might affect the likelihood for euthanasia-
induced fractures.

MATERIALS AND METHODS

Data was collected in June 2020 at the Hopkins Avian Facility,
University of California, Davis, with approval from UC Davis’
Institutional Animal Care andUse Committee (Protocol #20307).

Animals and Housing
Day-old Dekalb White chicks were acquired from a commercial
hatchery and reared in 15 experimental pens in one barn. Due
to the main study conducted simultaneously, three different
rearing systems (5 pens per rearing system) were used: FLOOR
pens were equipped with 4 round, metal floor perches (length:
122 cm, diameter: 3.8 cm, height: 10 cm). SINGLE pens were
furnished with a plastic grid platform (61 × 122 cm) installed
at 63 cm above the floor, accessible via a ramp (32 × 97 cm)
installed at a 40◦ angle. In addition, 3 round, metal aerial
perches (33, 38, and 65 cm above floor) as well as one floor
perch identical to the floor perches in the FLOOR system were
provided. The MULTI system contained two adjacent platforms
(30.5× 122 cm), one at 63 cm and one at 124 cm above the floor.
The higher platform was accessible via a ramp (32 × 191 cm)
installed at a 40◦ angle. Three aerial perches (at 29, 90, and
126 cm above the floor) and one floor perch were provided.
Perch space was identical for all three treatments (16 cm/bird
at 16 weeks of age). All pullets had ad libitum access to feed
and water through round trough feeders and nipple drinkers.
Natural light was provided through windows but could not be
regulated. Artificial light was used to provide at least 10 light
hours per day.

At 16 weeks of age, all 15 pens were refurnished to a multi-
tier housing system with four tiers, housing 30 hens per pen. The
lowest tier provided a nest box (Best Nest Box, Hudson, OH; 30.5
× 122 cm nesting area) with a wooden perch in front to facilitate
nest access as well as a plastic grid platform (32 × 122 cm), both
at 69 cm above the floor. The second tier (height: 137 cm) and
third tier (height: 198 cm) consisted of a plastic grid platform (61
× 122 cm). Two additional round metal perches were provided
above the third tier (245 cm above floor, length: 122 cm, diameter:
3.8 cm). Additional perches to facilitate movements between tiers
were provided at 50, 126, and 181 cm above the floor. Feed and
water were provided ad libitum in round trough feeders placed
on the floor and nipple drinkers.

Experimental Design
At 30 weeks of age, the effect of euthanasia method (cervical
dislocation vs. CO2) and keel status before euthanasia (no/minor
fracture vs. severe fracture) on the occurrence of fractures
during euthanasia was tested in a 2 × 2 factorial design,
using 270 hens in total. Due to the ongoing main study,
which required 180 hens with no or minor keel bone
fractures to be euthanized using CO2, it was not possible
to balance the sample between euthanasia method and
fracture status. Furthermore, data collection had to be
spread out over 8 days. As a result, 180 hens with no or
minor keel bone fracture were euthanized using CO2 on
days 1–5 (36 hens/day). For all other treatment combinations
(CO2/severe fracture, cervical dislocation/minor fracture,
cervical dislocation/severe fracture), hens were euthanized on
days 6 and 8 with 30 hens per treatment combination (Table 1).
Within treatment combination, the selected hens were balanced
for rearing treatment (10 hens per rearing treatment in each
treatment combination).
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TABLE 1 | Overview of the number of hens per treatment combination.

Method Fracture status Number

of hens

Euthanasia

day

CO2 No/minor fracture 180 D1–D5

CO2 Severe fracture 30 D6, D8

Cervical dislocation No/minor fracture 30 D6, D8

Cervical dislocation Severe fracture 30 D6, D8

Data Collection and Euthanasia
The keel bone status of the hens was determined using palpation
(Casey-Trott et al., 2015) at 29 weeks of age and later confirmed
through radiographs. All selected hens were radiographed before
and after euthanasia using a portable X-ray unit (MyVet imaging
Citation DR; X-ray generator Poskom with maximal acceleration
voltage of 100 kV; Rayence Xmaru 1012 WCC/WGC flat panel
detector) at a film-focus distance of 60 cm and voltage of 50
kV/2.5 mAs. Hens were inverted with feet placed into a poultry
shackle to induce immobility in live hens (Sirovnic and Toscano,
2017). The X-ray unit was located in the barn to ensure that live
hens were radiographed in a familiar environment. Euthanasia
took place either outside the barn (cervical dislocation) or in
a separate building (CO2). For cervical dislocation, hens were
carried outside the barn individually and manually cervically
dislocated by one of two trained individuals. The individual
performing the euthanasia was recorded. Hens were held on
both legs until convulsions stopped. For CO2, all hens were
euthanized by the same individual. Hens were carefully placed
in a plastic container with a lid (Sterilite, Townsend, MA; 58
× 41 × 31 cm, L × W × H) and opening for the CO2 hose
(∼1.5 cm in diameter) in groups of three and carried to a separate
building∼120m away. The standard on-site, biphasic procedure
was used for CO2 euthanasia, with a concentration of 10 ppm
for ∼30 s to induce loss of consciousness followed by 30 ppm
for at least 90 s. In accordance with the AVMA Guidelines for
the Euthanasia of Animals (AVMA, 2020), behavioral indicators
(e.g., loss of muscle tension, closed eyes) were used to determine
loss of consciousness and thus, the moment to increase CO2

concentration. After euthanasia, hens were brought back to the
barn for postmortem radiographs.

Data Processing and Analysis
Radiographs were downloaded as DICOM files, and pre
vs. postmortem images were compared side by side in
RadiAnt DICOM viewer (version 2020.1.1) by one trained
observer (CR). The observer was blind to euthanasia method
but not keel bone state before euthanasia. The presence,
location and type of euthanasia-induced fractures were
recorded according to Baur et al. (2020). Euthanasia-induced
fractures were defined as fracture lines, possibly with signs
of oedema, dislocation, or angulation which were only
present on the postmortem radiographs. As not enough
new fractures occurred to justify a statistical analysis, results are
presented descriptively.

RESULTS

From the 270 euthanized hens, 4 (1.5 %) obtained a fracture
during euthanasia (Table 2). Two of these hens were euthanized
using cervical dislocation, while the other two were euthanized
using CO2. As a result, 0.95 % of hens euthanized with
CO2 (2 out of 210) and 3.3 % of hens euthanized through
cervical dislocation (2 out of 60) obtained a euthanasia-
induced fracture.

Three hens had minor damage before euthanasia,
whereas the fourth hen had a severe fracture. In two of
the hens, an old fracture re-fractured. In the remaining
two hens, the keel bones did not show previous signs of
bone damage in the location of the euthanasia-induced
fracture. Figure 1 shows radiographs of two hens with a
euthanasia-induced fracture.

DISCUSSION

The objective of this study was to investigate whether commonly
used euthanasia methods, such as CO2 and cervical dislocation,
have the potential to cause keel bone fractures. Due to the
unbalanced design and a low number of birds obtaining a fracture
during euthanasia, the results of our study have to be interpreted
with caution. While 1.5% of hens obtaining a euthanasia-induced
fracture could be considered a low proportion, we cannot rule out
that fractures can occur during the euthanasia process based on
our results.

Although the number of hens with euthanasia-induced
fractures was too low to explore the role of euthanasia method
or keel bone status statistically, it is worth mentioning that
the proportion of hens obtaining a fracture during cervical
dislocation was more than three times higher than in hens
euthanized with CO2 (3.3 vs. 0.95 %). This could be due to
differences in the latency to onset, duration, or force of the
involuntary convulsions. It is assumed that convulsions are
stronger with methods that cause anoxia, i.e., complete depletion
of oxygen in the brain (Raj et al., 2006). Due to the immediate
separation of the spinal cord from the brain and rupture of
the jugular vein and carotid artery, cervical dislocation causes
cerebral anoxia whereas biphasic euthanasia with CO2 acts
through hypoxia (a steady reduction in oxygen supply).

Accordingly, convulsions start right after cervical dislocation
and last up to 150 s in broilers (Jacobs et al., 2019) or 136 s in
laying hens (Hernandez et al., 2019). In contrast, the latency to
onset of convulsions in birds euthanized using CO2 may take
45 s (Raj et al., 1990) and can be manipulated with concentration
of CO2 or gas mixes such as CO2 and Argon (Coenen et al.,
2000; Webster and Fletcher, 2001). As it is difficult to quantify
convulsion strength, future studies investigating bone fractures
in response to euthanasia could consider behavior such as
wing flapping as a proxy for uncontrolled forces applied to the
keel bone.

A limitation of the present study is that we sampled birds
at 30 weeks of age only. The trajectory of keel bone fractures
is not linear. Most fractures to the keel occur between 25 and
35 weeks of age (Harlander-Matauschek et al., 2015; Baur et al.,
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TABLE 2 | Description of the 4 hens with euthanasia-induced fractures, including the euthanasia method (CD, cervical dislocation), keel status before euthanasia, fracture

type and location of the euthanasia-induced fracture, rearing system, and whether the fracture was located in a part of the bone with (re-fracture) or without (new fracture)

signs of fracture before euthanasia.

Hen Method Keel status Fracture type Location Rearing system New or re-fracture

A CD Minor Transverse Caudal third FLOOR New fracture

B CD Minor Oblique Caudal third MULTI Re-fracture

C CO2 Minor Oblique Cranial third FLOOR New fracture

D CO2 Severe Transverse Caudal third MULTI Re-fracture

FIGURE 1 | Laterolateral radiographs of two hens before and after euthanasia. Dashed arrows indicate fractures present before euthanasia, solid arrows show

euthanasia-induced fractures (new fractures or re-fractures). Hen A had an old minor fracture (indicated by callus formation) before euthanasia and obtained a new

fracture in the caudal third of the keel bone. The new, euthanasia-induced fracture is indicated by a transverse fracture line and dislocation of a bone segment on the

dorsal side of the keel. Hen B had a minor fracture indicated by bone formation and an interruption of the metasternum on the dorsal side of the keel. The postmortem

radiograph shows a re-fracture, with an oblique fracture line, additional fracture segments on the dorsal side of the keel as well as angulation between the caudal third

and the rest of the keel bone.

2020), but fracture susceptibility increases until∼49 weeks of age
and seems to stabilize thereafter (Toscano et al., 2018). Because
of reduced bone strength due to continuous calcium resorption
for eggshell formation, older birds might be at a higher risk for
keel bone fractures during euthanasia. Given that all four hens
obtaining a euthanasia-induced fracture in our study had damage
to the keel before euthanasia, pre-existing fractures might further
increase fracture susceptibility though more research with a
higher number of birds obtaining fractures during euthanasia is
needed to further evaluate contributing factors.

In conclusion, we have to consider that convulsions
during euthanasia might cause keel bone fractures in laying
hens. If cervical dislocation or CO2 stunning methods are
used for studies investigating keel bone integrity, fracture
prevalence might be overestimated. An overestimation
of fracture prevalence in euthanized birds might further

affect the validity of other fracture detection methods.
For instance, accuracy of palpation—the most commonly
used method for keel bone fracture detection—is often
assessed by comparing palpation results in live birds
pre-euthanasia with a visual inspection of a dissected
bone post-euthanasia.

We recommend considering the euthanasia method as a
potential cause for fractures in future keel bone damage research.
The administration of anesthetics such as pentobarbital can
reduce the duration of convulsions (22 vs. 136 s; Hernandez
et al., 2019) and avoid convulsions in 50 % of hens
euthanized through cervical dislocation (Bandara et al., 2019).
Future research is needed to assess keel bone fractures as a
result of euthanasia in older birds and to quantify timing,
frequency, and strength of convulsions as a potential cause
for fractures.
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