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Abstract:Woody breast syndrome is characterized by degenerative changes at the muscle fiber level and accumulation of
connective tissue between the fibers. This study explored effects of the syndrome on muscle properties by focusing on
a comparison of the sarcomere lengths between normal and woody breast muscles, including cranial and middle parts,
surface and deeper layers, electrically stimulated and nonstimulated muscles, and their combinations. Tensile strengths
longitudinally and transversally to the muscle fiber direction in the cranial andmiddle parts of themuscles were determined.
The overall sarcomere lengths of woody breasts were longer than normal muscles (1.93 μm vs. 1.88 μm; P< 0.05). The
surface layer had overall longer sarcomere lengths than the deeper layer (cranial surface vs. cranial deeper layer: 1.97 vs.
1.89 μm; middle surface vs. middle deeper layer: 1.93 vs.1.84 μm; P< 0.05). Compared with normal breast muscles,
woody breast muscles had longer sarcomeres in the surface layer; however, sarcomere length did not differ in the deeper
layer. Electrically stimulated chicken breasts generally had longer sarcomere lengths (2.00 vs. 1.82 μm; P< 0.001).
There was no significant difference in tensile strength between normal and focal woody breast (mild local lesion, usually
in the cranial end) samples when fiber direction or sample location was studied (P> 0.05), but there was a clear difference
between normal and focal versus diffuse (severe woody breast lesion throughout the muscle) samples (P< 0.001). Tensile
strength was much greater in diffuse woody breast muscles when extended longitudinally or transversely to the fiber direc-
tion. In conclusion, although this study did not show sarcomere lengths in living muscle, it suggests an imbalance in
sarcomere lengths in different parts of the breast muscle, which may induce a reduction in the functionality and strength
of the muscle.
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Introduction

Woody breast syndrome (Sihvo et al., 2014) is a
relatively new degenerative disease in broiler breast
muscle that affects the Pectoralis major muscle and
often coexists with another emerging breast muscle
syndrome, white striping (Kuttappan et al., 2013).
The mechanical removal of breast muscle at about
4 h postmortem may reveal a third syndrome called
“spaghetti meat,” which is characterized by a separa-
tion of muscle fiber bundles (Petracci et al., 2019).
The great significance of these syndromes, which

cause marked quality and possibly also animal wel-
fare problems (Norring et al., 2019), has resulted
in many published papers during the last 6 to 8 y.
All of the 3 syndromes may coexist, which sug-
gests that they may have the same triggering causes
(Petracci et al., 2019), but further research on mech-
anisms is still needed. Possible risks in animal welfare
have also motivated more fundamental research to
identify the mechanisms of the syndromes to alleviate
the problems (Norring et al., 2019). Woody breast
syndrome causes degenerative changes at the muscle
fiber level as well as accumulation of connective
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tissue materials between the fibers and on the surface of
the muscles (Sihvo et al., 2014). The texture of raw
woody breast meat is characterized by hardness (Sihvo
et al., 2014; Soglia et al., 2017), especially in the sur-
face layer of the muscles and where the lesion has
already started at earlier ages. Most hypotheses for
the mechanism of woody breast formation stress poor
blood circulation in the breast muscle due to the larger
size of the birds and/or fillets (Sihvo et al., 2014;
Abasht et al., 2016; Soglia et al., 2016; Baldi et al.,
2018; Sihvo et al., 2018), phlebitis (Papah et al., 2017),
low capillarity (Sihvo et al., 2018), or hypoxia (Petracci
et al., 2019).

The purpose of this study was to obtain basic infor-
mation on sarcomere length and tensile strength of
muscle structures within poultry woody breast, and
in particular to discuss structural aspects of the damage
of muscle fibers and/or fiber bundles seen histologi-
cally (Sihvo et al., 2014) and at the macroscopic level.
The operational aims were to study the sarcomere
lengths in different breast muscle locations and the ten-
sile strength of muscle tissue, longitudinally and trans-
versely to the fiber direction. In addition, the effect of
electrical stimulation on sarcomere lengths was studied.

Materials and Methods

Sample collection and handling

In this study, 2 individual experiments were per-
formed, one for measurement of sarcomere lengths
and one for tensile tests. There were 2 sampling ses-
sions for each of the experiments. The birds were
slaughtered at 2 Finnish commercial slaughterhouses,
Atria Finland Plc (Seinäjoki, Finland) and HKScan
Co (Eura, Finland). Both slaughterhouses used CO2

stunning, and the stunning methods, cooling programs,
and cutting line schedules were essentially similar.
Carcasses were cooled by normal industrial cooling
systems, and breast muscles were excised on-line 4 h
postmortem. The selection of the chicken breasts was
made based on visual evaluation and palpation by 2
experienced persons, according to the method by
Sihvo et al. (2014). All the breasts were from 37-d-
old Ross 308 hybrid birds of both sexes with an average
carcass weight of 1.6 kg (Aviagen UKLtd, Midlothian,
Scotland). The birds were from the same hatchery. All
birds within a sampling were from the same farm, but
different samplings were from different farms. Feeding
was done at all farms according to the instructions of
Aviagen Ltd.

Sarcomere length measurement

For the sarcomere length study, 20 normal (unaf-
fected) breasts (mean weight 174 g) and 21 woody
breasts fillets (262 g) were collected. Ten normal
breasts were collected from each slaughterhouse and
10 to 11 woody breasts. For sarcomere length studies,
only 2 categories were used: the normal breasts showed
no color defects, slime, or palpatable hardness, and the
woody breast samples showed a clear focal lesion
that was not, however, found in the deep layers.
Electrical stimulation was applied after slaughter only
at one slaughterhouse, and the effect was therefore con-
founded with slaughter facility effects. After transpor-
tation from the slaughterhouses in Styrofoam boxes
with frozen packs for cooling, the chicken breasts were
stored in individual plastic bags overnight at a temper-
ature of 4°C. The following day, all the samples were
weighed. The breasts were either immediately prepared
for sarcomere length measurement or stored frozen at
−20°C for up to 24 d before the analyses.

Sarcomere lengths were determined according to
Cross et al. (1981) with minor modifications (Liu et al.,
2014). Samples were taken from 4 different locations
from each breast: the cranial and middle area (middle
being the center along the cranial-caudal axis of the
muscle) and the surface layer and deeper layer.
Approximately 1 g of meat was excised from each of
the mentioned locations in the chicken breasts. In order
to fix the sarcomere length, 10 mL formalin solution
(3.5% formaldehyde in 0.085 M phosphate buffer)
was added. The mix was homogenized with an NSI-
12 homogenizer (Bodine Electric Company, Chicago,
IL). A drop of homogenate was smeared on a glass slide
and passed under Novette 1507-0 Helium-neon gas
laser (Uniphase, Manteca, CA) (Cross et al., 1981).
The distance between the slide holder and the
screen was measured. The laser beam was refracting
from the sarcomeres on the slide and created a light
pattern of 3 longitudinal lines. The distance from the
central line and one of the extremes was measured,
and the value was used in the formula from Cross et al.
(1981) to determine the sarcomere length. Mean
values were calculated from 25 measurements of each
homogenate.

Tensile test

The tensile test study sampling involved chicken
breasts only from the slaughterhouse not using electri-
cal stimulation. The samples were selected based on the
degree that they were affected by the woody breast con-
dition. For tensile strength studies, 3 experimental
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groups were defined: normal (unaffected), focal (with
mild local woody breast lesion, usually in the cranial
end of the muscle), and diffuse (with severe woody
breast lesion throughout the muscle) (Sihvo et al.,
2014).

In the first sampling session for tensile tests, 20
normal chicken breasts were used, together with 10
focal cases and 10 diffuse cases. In a second sampling,
another 10 focal and 10 diffuse breasts were collected,
resulting in a total of 20 samples in each group. After
transportation from the slaughterhouse, the chicken
breasts were stored overnight at 4°C and weighed
the next day, and sample pieces were prepared and kept
at 4°C for the tensile tests, which were performed on
day 3 postmortem.

Samples were cut using a metal mold—from a
slice 6 mm thick from the surface layer only—of
the cranial and middle area of every chicken breast,
both longitudinal and transverse to the direction of
the muscle fibers (Figure 1). The longitudinal tensile
strength primarily reflects the strength of structures
within the muscle fibers and fiber bundles, whereas
the transverse direction more reflects the strength of
connective tissue in the extracellular matrix holding
the fibers and fiber bundles together. It was possible
to take only 1 test piece from each breast/location. A
template was used to obtain the dumb-bell shape of
the samples. Length and thickness varied among
samples, but the width of the central point was con-
stant (6 mm). Samples were pulled with an Instron
Universal Testing Machine (Instron Corporation,
Norwood, MA), with a static load cell of 100 N, at
a speed of 50 mm/min. In order to provide a better grip
of the sample, duct tape with a rough surface was used
on the interior side of the clamps.

Statistical analyses

Statistical analysis was done with SAS Enterprise
Guide 5.1 software (SAS Institute Inc., Cary, NC). The
breast muscles in sarcomere length and tensile strength
studies were different, and therefore the datasets from
these experiments were studied separately, using the
analysis of variance. Data were analyzed using the
General Linear Model procedure of SAS with each
breast muscle being an experimental unit. For sarco-
mere length, the effects of woody breast, location,
and electrical stimulation as well as the interactions
between them were tested. For tensile strength, the
effects of woody breast severity on the main effects
of fiber direction, sample location, and their inter-
actions were tested.

Results

Sarcomere length

The woody breast condition, location within the
muscle, and electrical stimulation all showed signifi-
cant effects on sarcomere length as well as 3 significant
interactions (Table 1). Analysis of main effects showed
slightly longer (P< 0.05) sarcomere lengths in woody
breast compared with normal samples, in surface com-
pared with deep samples, and in electrical stimulated
compared with nonstimulated samples. However, the
interactions of woody breast and electrical stimulation
and electrical stimulation and location showed that
the longer sarcomere lengths from electrical stimula-
tion negated the woody breast and location effects on
sarcomere length. Furthermore, the woody breast and
location interaction indicated that the woody breast–
affected muscles had longer sarcomeres compared with
the normal ones in the surface layer (both cranial and
middle areas), whereas the sarcomere lengths in the
deep layer did not differ (Figure 2).

Tensile strength

Woody breast condition, fiber direction, and sam-
ple location within the muscle all affected the tensile
strength of the muscle strips, as did the 2-way inter-
actions of location and woody breast, direction and
woody breast, and location and direction (Table 2).

Figure 1. Chicken breast fillet sampling sites for the tensile tests
showing the dumb-bell shape in relation to muscle extension direction
(longitudinal and transverse to fiber direction) and Pectoralis majormuscle
location (cranial and middle area).
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The normal group and focal group did not differ in ten-
sile strength, neither when fiber direction nor when
sample location was taken into account (P> 0.05).
However, there was a clear difference between the nor-
mal and focal groups versus the diffuse group (Table 2;

P< 0.001): there was a dramatic increase of tensile
strength in the diffuse group compared with the normal
and focal groups (Table 2 and Figure 3).

The longitudinal stretching direction of the muscle
showed significantly higher tensile strength compared
with the transverse direction (P< 0.001). Regardless of
cranial or median location, samples stretched in the
longitudinal direction of fibers yielded higher values
of tensile strength compared with the transverse direc-
tion (P< 0.05). This difference was even more obvious
in the diffuse samples. Location alone was not a

Table 1. Sarcomere lengths as affected by WB
condition, muscle location (cranial/middle, surface/
depth), and electrical stimulation

Effect Category
LS

Mean (μm) SEM P N

WB Normal 1.88a 0.01 <0.05 80

WB 1.93b 84

Location CS 1.97c 0.02 <0.05 41

CD 1.89ab 41

MS 1.93bc 41

MD 1.84a 41

ES NES 1.82a 0.01 <0.0001 84

ES 2.00b 80

WB and
ES

Normal and NES 1.77a 0.02 <0.001 40

Normal and ES 1.99c 40

WB and NES 1.87b 44

WB and ES 2.00c 40

ES and
Location

NES and CS 1.91b 0.02 <0.05 21

NES and CD 1.75a 21

NES and MS 1.90b 21

NES and MD 1.71a 21

ES and CS 2.03c 20

ES and CD 2.03c 20

ES and MS 1.96bc 20

ES and MD 1.96bc 20

a–cMeans within each effect with the same letter do not differ (P> 0.05).

CD, cranial depth; CS, cranial surface; ES, electrical stimulation; LS,
least-squares; MD, middle depth; MS, middle surface; NES, no electrical
stimulation; SEM, standard error of the mean; WB, woody breast.

Figure 2. Sarcomere lengths of normal and woody breast muscles in
the surface and deep layer of the cranial andmiddle area. Bars show the stan-
dard error (N= 20 normal/21 woody breast).

Table 2. Tensile strength values as affected by WB
condition, fiber direction, and muscle location
(cranial area and middle area) of the chicken breast
muscles

Effect Category
LS

Mean (N) SEM P N

WB Normal 3.71a 0.32 <0.0001 80

Focal 3.64a 80

Diffuse 9.16b 80

Direction Longitudinal 6.84b 0.25 <0.0001 120

Transverse 4.17a 120

Location
and WB

Cranial and
normal

3.17a 0.44 <0.0001 40

Cranial and focal 3.09a 40

Cranial and
diffuse

9.82b 40

Middle and
normal

4.25a 40

Middle and focal 4.20a 40

Middle and
diffuse

8.52b 40

Direction
and WB

Longitudinal and
normal

4.30ab 0.44 <0.01 40

Longitudinal and
focal

3.90ab 40

Longitudinal and
diffuse

12.32c 40

Transverse and
normal

3.11a 40

Transverse and
focal

3.39a 40

Transverse and
diffuse

6.02b 40

Location
and direction

Cranial and
longitudinal

7.27c 0.35 <0.05 60

Cranial and
transverse

3.45a 60

Middle and
longitudinal

6.41c 60

Middle and
transverse

4.90b 60

a–cMeans within each effect with the same letter do not differ (P> 0.05).

LS, least-squares; SEM, standard error of the mean; WB, woody breast.
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significant factor regarding the tensile strength (results
not shown), but the interaction between location and
the 3 experimental groups proved to be highly signifi-
cant (P< 0.0001). The recordedmaximum load had the
highest mean value in diffuse samples, both in the cra-
nial area and in the middle area of the chicken breasts.

Discussion

Sarcomere length

As the position of wings postmortem determines the
degree of the contraction of sarcomeres (Williams and
Goldspink, 1978), sarcomere lengths vary in breast
muscles. The real sarcomere lengths in the resting breast
muscles of living birds is, to our knowledge, not known.
At commercial slaughter, the wings are folded about
mid-way down when the muscles enter rigor mortis in
the cooling line, which influences the final sarcomere
length in rigor muscles. In the present study, the mean
sarcomere length in normal chicken breast was 1.77
μm when electrical stimulation was not used and 1.99
μm when electrically stimulated. The sarcomere length
of the nonstimulated group is similar to the values
recorded by Ashmore et al. (1988), Kang and Sams
(1999), and Soglia et al. (2019). Sun at al. (2018) found
shorter sarcomere lengths (1.66 μm for normal), but they
excised the muscles 2 h post-slaughter, and therefore the
muscles may have shortened more than muscles still
attached to the skeleton.

Some poultry slaughterhouses use electrical stimu-
lation to reduce the risk of cold-induced shortening dur-
ing cooling and after the subsequent cutting, i.e.,
induced shortening. In general, electrical stimulation
affected normal muscles to a larger degree than the

woody breasts, and the deep layer to a larger degree
than the surface layer. The woody breast condition
has a significant effect on sarcomere length (P<
0.05), as the results of the current study show overall
longer sarcomere lengths in woody breast–affected
samples (1.87 μm) when electrical stimulation is not
used. This is in agreement with the findings of Tijare
et al. (2016), who measured sarcomere lengths of
non-electrically stimulated breast muscles affected
by woody breast and white striping. In the study by
Tijare et al., the average sarcomere length was 1.80 μm
in the most severe cases, which is slightly shorter than
the 1.87 μm measured in nonstimulated woody breast
samples in the current study. Sun et al. (2018) reported
a length of 1.82 μm for severe woody breast. On the
contrary, Velleman et al. (2018) found longer sarco-
meres in unaffected samples compared with woody
breast samples. Their samples were fixed after the exci-
sion of the muscles after the slaughter process, to avoid
further contraction. In their study, the sarcomere
lengths of unaffected samples were longer than in this
study. The present study shows that sarcomere length is
longer in the surface layer. In most studies, however,
the depth of the sampling site has not been given, which
makes the comparisons unreliable.

Ashmore et al. (1988) showed that, in dystrophic
chicken breast muscles, the sarcomere lengths were
longer compared with those of normal muscles.
Muscular dystrophies are a group of genetic diseases
characterized by gradual weakness and loss of muscle
mass. Also, woody breast expresses myopathy features
such as decreased number of myofibers, increased dia-
meter of myofibers, necrosis, and fibrosis (Sihvo et al.,
2014). The reason for the difference in sarcomere
lengths was not specifically given by Ashmore et al.
(1988), but it was suggested that dystrophic muscle
fibers are exposed to increased passive tension during
the initial growth phases. Consequently, it is also
assumed that the increased growth rate in chickens with
wooden breastmyopathy could induce themuscle fibers
to be under more stretch than those in normal muscle.

Liu et al. (2020) showed that single muscle fibers,
isolated from the non-lesion area of focal woody breast
muscle, have a relaxed (slack) sarcomere length of
1.95 μm, an about 40% larger cross sectional area com-
pared with normal muscles with the sarcomere length
of 2.03 μm (i.e., the difference was 4%). These results
show an opposite trend as found in the current study;
however, the result of Liu et al. was calculated on
the basis of slack length in live muscle fiber simulation,
whereas in the current study the values are for the actual
length in the muscle after completion of rigor. In the

Figure 3. Tensile strength of 2 muscle extension directions (longi-
tudinal and transverse to muscle fiber direction) in the cranial and the middle
area of normal, focal, and diffuse samples. Bars show the standard error
(N= 20).
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present study, the overall sarcomere length of normal
muscles was 1.88 μm and that of woody breast muscles
1.93 μm. Therefore, if the postmortem contraction of
the normal muscles is greater than that of the woody
breast muscles, this may indicate some kind of dys-
function of woody breast muscle fibers.

In the current study, both the woody breast and
normal breast samples from electrically stimulated car-
casses had longer sarcomere length comparedwith those
in which electrical current was not applied (P< 0.0001).
This was an expected outcome because the purpose of
electrical stimulation is to eliminate cold-induced short-
ening during cooling as well as shortening due to early
deboning and thus improve tenderness (Sams and
Dzuik, 1999; Ertbjerg and Puolanne, 2017). There-
fore, it is important to notice that the shortest sarcomeres
were in nonstimulated normal muscles and that the
nonstimulated woody breast muscles had shorter sarco-
meres than stimulated, suggesting that some induced
shortening occurred in nonstimulated muscles, although
this shortening was less extensive in woody breast.
Woody breast muscles are known to have less glycogen
and higher ultimate pH than normal (Dalle Zotte et al.,
2014; Petracci et al., 2019), and this can explain the
decreased induced shortening in woody breast. In agree-
ment, electrical stimulation resulted in 7% longer sarco-
meres in woody breast muscles (P< 0.05) compared
with nonstimulated muscles, whereas the difference
between the normal chicken breasts was 12%. The
results may suggest that the deeper muscle layer is more
prone to cold shortening and that woody breast is less
capable of shortening than normal, especially in the sur-
face layer possibly because of structural damages.

The force and velocity that can be developed in
skeletal muscle is linked with the sarcomere length
(Gordon et al., 1966), and the evaluation of sarcomere
length can supply valuable information not only
regarding the architectural design of the muscle but
also about the textural properties of the muscle.
According to Biewener (2011), the Pectoralis muscle
has a special property of being able to create force over
a long contraction distance and shorten 33%–42% of
the resting fiber length. This is necessary because the
connection to the humerus (Biewener, 2011) necessi-
tates a wide contraction range with full power. At rest,
the wings of living chicken are mostly folded down,
i.e., Pectoralis major sarcomeres are shortened.

Furthermore, it can be assumed that a part of the
difference (longer sarcomeres in woody breast) may
have been caused by structural damages at the micro-
structure level resulting in a less efficient force trans-
mission during contraction. It has been shown that

lateral force transmission is impaired in dystrophic
mice, due to disruptions in the connections between
muscle fiber cytoskeleton and the extracellular matrix
(Ramaswamy et al., 2011). When Ashmore et al.
(1988) examined sarcomere lengths in stretched and
non-stretchedPatagialismuscles of normal and dystro-
phic chicken, they found a higher increase in sarcomere
length—due to the artificially induced stretching the
Patagialismuscles were subjected to—in normal com-
pared with dystrophic muscles (44% and 25%, respec-
tively), indicating an increased stiffness in dystrophic
muscles. With single fiber studies, Liu et al. (2020)
found that the force generated by fibers isolated from
the non-lesion area of focal woody breast muscles
was higher than normal fibers at higher stretching lev-
els, but when the 20% higher diameter of woody breast
sample fibers was shrunk osmotically to the same level
as normal fibers, the difference disappeared.

It has previously been shown that there is a gradual
decrease of histopathological lesions in woody breast
from the surface to the deeper layer of the muscle
(Soglia et al., 2016, 2017), suggesting that the severity
of this myopathy is higher in the surface layer. The
mean sarcomere lengths of the samples from the sur-
face layer were approximately 8% longer in woody
breast muscles compared with normal muscles, and
in the deeper layer, the difference between the woody
breast samples and the normal samples was 11%, indi-
cating a trend of looser structure inside woody breast
muscles. Further research regarding the relationship
between the woody breast condition and the location
within the muscle could contribute to the understand-
ing of their interaction—e.g., studying sarcomeres in
different parts of the muscle, because the maximum
force in different sites of the living muscle differ
(Liu et al., 2020)—and it is, in theory, possible that
there will be tensions within the contracting muscles.
It must be remembered that muscles are not elastic
when contracted with maximal force, and the fast-
glycolyzing fibers of Pectoralis muscles contract
simultaneously.

In the current study, the chicken breasts collected
from slaughterhouses were stored overnight; a part of
the samples were prepared for measurements the fol-
lowing day, and the second part were freeze stored at
−20°C for 24 d before preparation. According to the
literature, the rigor phase takes place in the first 5 h
postmortem, with different onset times in cranial (first)
and caudal (later) regions of the Pectoralis muscle
(Papa and Fletcher 1988; Li et al., 2010). It is clear that
the chicken muscles used for our study had reached
the rigor phase, after which no changes in sarcomere
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lengths will take place. However, there was a very clear
difference between the mean weights of normal and
woody breasts: 174 versus 262 g. It is known that
woody breasts are heavier (Petracci et al., 2019) than
normal ones, partly due to higher growth of themuscles
as well as the birds and partly because there is extrac-
ellular material in woody breast muscles. Therefore, it
is not possible to conclude what the primary reason for
the higher weight of woody breasts is because several
factors—such as genetic variation, feeding, fibrosis,
and edema—may contribute to the ultimate weight
andmay eventually contribute to some extent to the for-
mation of the syndrome.

Tensile strength

The tensile tests were done to obtain basic knowl-
edge for the physical strength of woody breast and nor-
mal breast muscles and compare that with the tension
created in muscle shortening, using living muscle
shortening force data from the literature. It should be
mentioned that the samples were taken from the distal
surface, i.e., skin side, where the woody breast lesion is
usually most severe. The results of our experiment
showed no significant difference between the mean
values of tensile strength in normal samples and focal
samples but significantly higher values in diffuse
woody breast samples (P< 0.0001). It was rather unex-
pected that the tensile strength was not significantly
different between the normal samples and focal sam-
ples taken from the cranial area, since all the chicken
breasts with focal lesion presented woody breast char-
acteristics in the cranial area. As woody breast usually
starts focally and the severity is a continuum, a pos-
sibility could be that, in the early stages of woody
breast development, the tensile properties of the
chicken breasts were not yet affected to a significant
extent at the tensile test sampling locations.

Some texture characteristics of raw and cooked
chicken breasts with woody breast myopathy were
studied by Chatterjee et al. (2016). They reported
increased shear force and hardness of rawwoody breast
fillets compared with normal chicken breasts, in agree-
ment with the increased tensile strength of woody
breast samples compared with normal samples found
in our study. In the study by Chatterjee et al. (2016),
the chicken breast samples were also grouped based
on the severity of woody breast, and inmost of the mea-
surements, the samples from the moderate group had
significantly higher values than the normal group but
not significantly lower mean values than the samples
from the severe group. This discrepancy between the

study Chatterjee et al. (2016) study and the current
study regarding the relationship between groups with
different severity levels of woody breast could be a
result of the subjective methods used for sampling
and categorizing.

Altogether, the samples stretched longitudinally to
the direction of muscle fibers had significantly higher
tensile strength (P< 0.0001), which is in agreement
with the findings by Purslow (1985) on the tensile
strength of cooked beef. However, comparing each
experimental group separately, only the diffuse sam-
ples yielded significantly higher tensile strength when
they were stretched longitudinal to the fiber direction,
compared with the transverse direction of stretching
(12.3 vs. 6.02 N, P< 0.05).

Our results showed an increase of tensile strength in
diffuse samples by more than 200% in the cranial area,
whereas in the middle area, the increase was approxi-
mately 100%. This difference indicates an increased
level of woody breast severity in the cranial area com-
pared with the middle area, and previous studies support
this result (Petracci et al., 2019). The morphological and
gene expression differences related to woody breast in
chicken were studied by Clark and Velleman (2016),
and they found evidence that the cranial regionwasmore
affected than the rest of the muscle. This aspect was also
noted in chicken breasts with the white striping condi-
tion (Kuttappan et al., 2013).

Offer et al. (1988) mention that the breaking point
in unaged beef sternomandibularis muscle is longitu-
dinally 300 kPa. The transverse tensile strength in
cooked muscle was one-fifth to one-tenth of that,
i.e., 30–60 kPa. Buschman et al. (1997) found that frog
muscle generates 150–300 kPa. The maximum strain
generated at contraction or tensile strength in broiler
muscle is not well known. Liu et al. (2020), however,
studied the force generated by single boiler breast
muscle fibers, and on the basis of the results, a maximal
force of about 120 kPa can be calculated for fibers of
both normal broiler breasts and woody breasts.
According to Table 3, the longitudinal values of tensile
strength are about 500 kPa or more for normal muscle,
but transversally about 250–300 kPa, i.e., double the
force generated in single fiber tests. Diffuse cases are
much stronger. The values given by Offer et al.
(1988) were lower, but transverse results were lacking
concerning raw meat.

The tensile strength values reported in this paper
are mostly expressed as plain newtons, even though
the form of force per transverse area (newtons per
square millimeter) might have provided more insight
on the tensile strength. The dumb-bell shape of the
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samples was intended to ensure better control over the
breaking point, but not all the samples broke at the nar-
rowest point as predicted. It was not possible to control
how similar the samples were in relation tomuscle fiber
bundles or how much fibrotic/nonfibrotic connective
tissue there was at the narrowest point of the sample.
Therefore, the surface area of the breaking point was
not considered, and the results showed a large varia-
tion. Samples pulled along the fibers generally had
higher tensile strength values/surface area compared
with those pulled across the muscle fibers. Tensile
strength, expressed as newtons per square millimeter,
was calculated at the hypothetical minimum cross sec-
tional area of the sample, and values are shown in
Table 3. To our knowledge, nomeasurements of tensile
strength have been performed in previous woody breast
studies. Even though these figures do not have a high
degree of accuracy, they could still serve as a starting
point for future research.

Another aspect that has to be considered is the sub-
stantial increase of the range of the values recorded
in diffuse samples (Table 3). The cranial area of
the chicken breasts seemed to be the most affected by
the degree of severity of this condition, according
to the mean values, but there were no significant differ-
ences (P> 0.05). The variation was generally higher in
diffuse samples, and the largest variation was in the cra-
nial samples when tension was applied longitudinal to
the muscle fiber (standard deviation= 6.40).

Speculation about links between muscle
strength and woody breast syndrome

Broiler breast muscle is fixed to the keel along its
entire proximal side, which does not allowmuchmove-
ment of the muscle of those parts. The birds do not
exercise the breast muscles much, and the training
activity is not of an aerobic endurance type but
short-lived anaerobic fast resistance (strength) activity
that is prone to Type IIB fibers (Papinaho et al., 1996;
Egan and Zierath, 2013), and the Pectoralis fibers are

usually very long in birds (Biewener, 2011). The wings
are usually folded down in the resting position in living
birds, which means that the sarcomeres in the breast
muscle are probably closer to the shorter end of their
working range. In a living muscle, the number of sar-
comeres is dynamically controlled as follows: if the
fibers in a muscle are mostly contracted, the number
of sarcomeres will start to decrease, and if extended
for a longer period of time, then the number will
increase (Goldspink, 1971; Williams and Goldspink,
1971). This results in sarcomere numbers that are
dynamically controlled by the slack length of the rest-
ing muscle (the so-called resting or slack length is
established when the muscle is not active/stretched
most of the time). Therefore, the resting length of the
sarcomeres should be rather constant irrespective of
body size. However, under the current very high
growth potential of the breast muscle, this might cause
the outer layer—which is less associated with the keel
—to grow more than the inner layers that will be lim-
ited by dynamic sarcomere length control (slack
length). However, there may also be an interaction
between age and muscle stretching. Williams and
Goldspink (1978) found that the number of sarcomeres
was a function of the long-term stretching of muscles of
adult rats. However, the same observation was not
found in young rats that were still growing. The authors
suggested that this may be explained by the lengthen-
ing of the tendon. Therefore, a period of fast growth of
broilers may not allow balance to be reached in sarco-
mere length and/or number.

Another aspect is that the force generated by sarco-
meres depends on sarcomere length. The further away
the sarcomere lengths are from the optimal area of 2.0–
2.5 μm, the lower the power output is (Gordon et al.,
1966; Williams et al., 2013). It would be of interest
to know whether the different parts of the broiler breast
muscle have different sarcomere lengths in live birds. If
so, this will cause differences in force generation;
e.g., the innermost sarcomeres may have reached their
minimum length while the outermost may still generate
strong contraction. However, the dynamic regulation of
sarcomere numbers tends to keep the resting length of
the sarcomeres constant throughout the muscle. If the
moving of wings tends to be painful, the birds will exer-
cise less, and this may stimulate a reduction of sarco-
mere number and consequently increase the length
postmortem.

As mentioned earlier, at rest the wings of living
birds are folded down, and the larger downward-driving
muscle (Pectoralis major) is shortened and the smaller
wing-stretching Supracoracoideus (Pectoralis minor)

Table 3. Tensile strength range of the strips from
normal and WB-affected fillets calculated as N/mm2

(N= 20)

CL CT ML MT

Normal 0.54–1.91 0.31–1.31 0.99–2.40 0.45–2.04

Focal WB 0.83–4.29 0.25–1.74 0.86–2.85 0.53–3.28

Diffuse WB 1.78–11.37 0.83–4.93 1.83–8.44 1.02–5.96

CL, cranial longitudinal; CT, cranial transverse; ML, middle
longitudinal; MT, middle transverse; WB, woody breast.
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muscle is extended. The extended Deltoid and Supra-
coracoideus muscle and stretched clavicle bone create
a passive tension between upward- and downward-
moving muscles. Because the Pectoralis major is con-
tracted during the majority of the life of the chicken,
there is a tendency for the sarcomere numbers to be
reduced, due to the dynamic drive in muscle to the con-
stant resting length of the sarcomeres. This may then
mean that, if wing flapping is necessary, the operational
length of sarcomereswill not be optimal in woody breast
muscles. However, as Biewener (2011) mentioned,
Pectoralis muscle has a special property of creating
force within a long contraction distance from their rest-
ing length. Our hypothesis to which this study gives
some basic information is that the force during wing
flapping may cause friction between fibers as well as
between muscle fiber bundles. Further studies are
ongoing to study this aspect histologically as well as
having the third dimension for the tensile strength: from
the surface inward. The muscle fiber bundles in breast
muscles are especially bent in the cranial end, and
because the fibers are long, they are bent as well. When
themuscle fiber bundle contracts, the outer part of it con-
tracts more than the inner part, so there will be some
tension between the bundles above and below the con-
tracting bundle. Further studies will be needed to evalu-
ate the effect of rapidly increasing the size of breast
muscles, and thus curved fibers, on possible intramuscle
tensions in order to shed some light on the onset of
spaghetti meat, in which a clear separation of layers
can be seen in transverse cut.

Conclusions

Woody breast muscles have markedly longer sar-
comere lengths compared with normal muscles, if
electrical stimulation is not used. The difference in sar-
comere length betweenwoody breast and normal breast
is manifested in the surface layer of the muscle and not
in the deeper layer. Future studies should also investi-
gate the caudal area of the Pectoralismuscle in order to
obtain a more complete profile of sarcomere lengths in
woody breast. This study showed no significant differ-
ence between the mean values of tensile strength in
normal samples and focal woody breast samples, but
the diffuse samples yield significantly higher tensile
strength, especially when stretched longitudinal to
muscle fiber direction. In light of the current findings
on tensile strength, the force production capability of
woody breast muscles should be investigated to test
the hypothesis about whether mechanical strains have

an effect on the formation of muscle syndromes,
e.g., woody breast or spaghetti meat. In conclusion,
although this study did not show the sarcomere lengths
in living muscle, it suggests an imbalance in sarcomere
length in different parts of the breast muscle, which
may induce a reduction in the functionality and
strength of the muscle.
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responding authors upon request by qualified researchers.
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