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Abstract: Laying hens usually have 16 h of light and 8 h of darkness during egg laying, with eggshell
formation primarily occurring during darkness when dietary calcium is lacking, leading to bone
calcium resorption and osteoporosis. This study examined how interrupting the dark phase affects
bone health in 396 Hy-line W36 hens assigned to control (C) or treatment groups (W1 and W2). All
hens received 16 h of light and 8 h of darkness daily in different variations of scotophase interruption.
Blood samples were taken at weeks 20, 30, 50, and 70, serum calcium was measured during darkness
at two timepoints (SRT and END), and bone demineralization markers were examined using enzyme
concentrations (TRACP-5b and CTX-I). Across weeks, tibias were CT-scanned for density (mg/ cm?®)
and area (mm?), then used for breakage strength analysis (N) and ash%. No SRT Ca level differences
emerged, but C hens had lower END Ca levels compared to W1 and W2 hens across all weeks,
while W1 and W2 hens showed no significant differences. C hens displayed higher TRACP-5b and
CTX-I concentrations across all weeks compared to W1 and W2 (all p < 0.05). At week 70, C hens
had the lowest cortical bone cross-sectional area and mineral density compared to W1 and W2 (all
p < 0.05). Tibiotarsi bone breakage strength was lower in C hens compared to W1 and W2. C hens
had significantly lower ash% than treatment birds. Interrupting the scotophase period improved
overall bone health in Hy-line W36 laying hens.
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1. Introduction

Traditional management systems for egg production in the United States are the
product of research on housing systems and intensive genetic selection. As such, expected
behavioral and physiological changes have taken place in modern laying hens compared to
that of their ancestors [1-3]. Such changes are associated with welfare concerns, including
the development of osteoporosis (a progressive decrease in structural bone mineral density
and bone mass), as it continues to take precedence in laying hens, fueled by societal and
production pressures [4,5].

Most eggshell formation occurs during nighttime hours (scotophase)—a time in which
the hens are not consuming feed. An empty gastrointestinal tract (GIT) could result in the
deprivation of key nutrients, such as calcium, during eggshell formation. Interference of ad-
equate serum calcium concentrations through exogenous (dietary) sources during eggshell
synthesis and calcification significantly impacts the bird [6,7]. Considerable changes in
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bone biology occur due to estrogen at the peak of sexual maturity, simultaneously with
substantial increases in medullary bone absorption and osteoclast activity [8,9]. Osteoblast
cell activity switches from forming cortical bone to the production of woven medullary
bone [10,11]. On the other hand, osteoclast cell activity, which is responsible for bone
resorption, remains vigorous [5]. Increased estrogen promotes rapid buildup of medullary
bone during the early lay cycle, which is intended for use as a source of calcium for eggshell
formation [12,13]. However, as osteoclastic resorption of structural bone continues with
no continuation of structural bone osteoblastic activity, the hens see a significant decrease
in bone mineralization [14,15]. Osteoclasts are responsible for resorbing calcium from
both medullary and structural bone during eggshell calcification, but due to insufficient
serum calcium concentrations during a time of high demand, bone becomes the main
source of calcium for eggshell formation [16,17]. Progressive resorption of medullary and
structural bone occurs daily as the lay cycle continues, with no opportunity for rebuilding
calcium stores [5]. This mechanism is generally believed to cause osteoporosis in laying
hens due to a persistently negative calcium balance combined with an extended period of
high egg production, impacting the structural integrity of the skeletal structure [5,18,19].
Osteoporosis causes an increase in bone fragility, resulting in increased susceptibility to
bone fractures, especially after 35 weeks of age [5,9,20]. As a result, production pressures
for high performance and osteoporosis have raised animal welfare concerns within the
industry [21].

Understanding the mechanism behind the laying cycle is critical for meeting the needs
of hens in a highly productive state. Not only is calcium of utmost importance, but light
is also essential in the regulation of physiological functions in birds [22]. Reproduction,
thermoregulation, behavioral responses, and immune system responses are influenced
by light perception, which is one reason artificial lighting systems are widely utilized
as the modern production standard. In relation to the anatomy of the avian eye, two
types of photoreceptor cells are found within the retina: cones and rods. The rods are
necessary for night vision, as they are more sensitive to lower-intensity illumination.
Four types of cones are found within the retina of a chicken, which possesses nerve
connections between the photoreceptors and the brain, allowing the bird to perceive visible
and ultraviolet light spectra and polarized light [23-26]. Pineal gland activity is regulated
by hypothalamic photoreceptor activation following light perception [27-29]. The pineal
gland then translates these environmental cues, resulting in the excretion of melatonin, a
regulatory hormone for daily biological function [22,30,31].

Melatonin is a natural hormone secreted from the pineal gland (epiphysis cerebri)
from the precursor serotonin and has been associated with neuroendocrine regulation
of metabolic and physiological mechanisms, such as sexual maturation, reproductive
performance, thermoregulation, and nutrient utilization, in hens that are synchronized
with daily changes in light [32]. Melatonin is also associated with the regulation of circadian
rhythm through secretion from the pineal gland in no-light environments and is considered
a “regulator of regulators” in biological functions [33,34]. Biological and chemical events,
such as metabolism and hormone production, occur from the regulation of these circadian
oscillators in the epiphysis [35]. Any changes in melatonin production in hens can cause
interruption of systems dependent on circadian rhythmical function [36].

Approximately 80% of melatonin secreted into the bloodstream is produced in the
epiphysis. However, it is also secreted from the skin, testes, bone marrow, and gastrointesti-
nal tract [37]. Melatonin secretion from the epiphysis is a response to environmental cues;
however, melatonin secretion in the gastrointestinal tract is seen in enterochromaffin cells
as a postprandial response [37-39]. As for welfare, regulation of biological rhythm from
melatonin secretion is important in preventing sudden death syndrome, skeletal impurities,
and ascites, which can occur due to the disruption of daily rhythmic activity [38].
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Prospective interventions have been explored to reduce negative calcium balance
and osteoporosis in commercial laying hens [5]. Strategies such as increasing dietary
calcium have been the most obvious answer among producers for increasing bone mineral
content and strength; however, the threshold for calcium absorption in commercially
formulated diets has already been met [39]. Therefore, calcium absorption cannot be
increased in the diet to accommodate amounts greater than those currently used in standard
commercial formulations, showing that simply supplying additional calcium sources to the
bird is not a feasible solution [39-41]. Thus, targeting the delivery of calcium during the
scotophase period, when calcium demand is the highest, might be a potential approach
to decreasing the amount of endogenous (skeletal) calcium entering the blood. Allotting
the birds an interruption in the scotophase period when food consumption is halted and
calcium demands are the highest could be a potential solution to providing the birds
with an exogenous source of calcium (dietary) during eggshell calcification and, therefore,
improving bone health and hen welfare by decreasing the rate of calcium withdrawn from
the bone.

We hypothesized that interrupting the scotophase period with one or two hours of
photophase would increase serum calcium levels during nighttime hours and reduce the
rate of calcium withdrawal from the bone, therefore increasing overall bone health. The
objective of the current study was to investigate the influence of interrupting the scotophase
period on the reduction of calcium withdrawal from structural bone during midnight hours,
with the potential to improve hen bone health and welfare.

2. Materials and Methods
2.1. Ethics

This experiment was approved by Clemson University’s Institutional Animal Care and
Use Committee (protocol # AUP2021-0068). All procedures followed IACUC guidelines for
animal use in this experiment.

2.2. Animals and Housing

This trial was conducted at the Morgan Poultry Center, located at Clemson University
in South Carolina, USA. A total of 396 17-week-old Hy-Line W36 chicks were randomly
allocated across 18-floor pens (22 birds/pen) and utilized in a trial from 20 to 70 weeks of age
following a 3-week acclimation period. Identical experimental pens (4.3 m?) were utilized,
with clean wood shavings (5 cm) used as bedding in a fully enclosed, climate-controlled
poultry house kept at an average of 25 °C. Nest boxes (0.2 m? of nest space) and wooden
perches (15 cm perch space/bird) were included in each pen. Pens were distributed across
the house, and a black, heavy-duty fabric was placed on the front and sides between pens
to eliminate light interference across treatments without significantly impacting ventilation.
Favorable ventilation was ensured with tunnel ventilation and sidewall inlets. Cool-cell
pads and additional floor fans were utilized in the summer months, and industrial heaters
were utilized during the winter months to maintain optimal ambient temperatures. The
birds had ad libitum access to water and feed through an automatic cup drinker and free-
standing gravity feeder. All birds were fed the same commercially formulated diet across
all treatments after receiving a phase-feeding regimen from 1 to 20 weeks of age. Each
bird received a unique identification number via neck tag. The lights and light schedules
were provided through the NatureDynamics Dome lighting system (ONCE by Signify,
Plymouth, MN, USA) and the Interact Agriculture mobile application (Signify Netherlands
B.V., Dordrecht, The Netherlands) from 20 to 70 weeks of age.

2.3. Treatments

From 20 to 70 weeks of age, all the pens were provided with varying light schedules
to investigate the impact of interrupting the scotophase period on bone health in laying
hens (Figure 1). After an acclimation period, the birds were exposed to different pho-
tophase (P):scotophase (S) lighting treatments at 20 weeks of age (6 pens/treatment and
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22 birds/pen). The control group (C) received 16 h of continuous light and 8 h of continuous
darkness, as recommended by the breeder and United Egg Producers guidelines [42,43].
Treatment one (W1) received 1 h of scotophase interruption (15P:45:1P:4S). Treatment two
(W2) received 2 h of scotophase interruption (14P:4S:2P:4S). Further information on the light
spectrum utilized in the study can be found in the Supplementary Materials (Figure S1).

Lights off 8S

16P
Lights off4S Lights off4S
15P
Lights off4S Lights on
14P 2P

Figure 1. Light schedules applied during the experiment. C: birds received 16 h of continuous light
(photophase) and 8 h of continuous darkness (scotophase). W1: birds received 15 h of continuous
photophase, 4 h of scotophase, 1 h of photophase, then 4 h of scotophase; W2: birds received 14 h of
continuous photophase, 4 h of scotophase, 2 h of photophase, then 4 h of scotophase.

2.4. Blood Analysis

During weeks 20, 30, 50, and 70 of age, blood samples were collected from the brachial
wing vein of 3 randomly selected birds/pen (n = 54/week) at 2 timepoints during dark
hours (SRT: immediately after lights off, and END: immediately before lights on). SRT time
for C hens was 22:00, while SRT time for W1 and W2 hens was 21:00 and 20:00, respectively.
END time for all treatment groups was performed at 05:00. Whole blood samples (1 mL)
were transferred from EDTA vacutainers into Eppendorf tubes and centrifuged for 10 min
at 6000 RPM at 4 °C. The serum was separated and frozen at —20 °C for quantification of
systematic bone markers. Total serum calcium was analyzed using an automatic blood
chemical analyzer (Film DRI CHEM 7000i, Fuji film, Tokyo, Japan). Serum concentrations
of bone resorption markers, including tartrate-resistant acid phosphatase 5b (TRACP-5b)
and C-terminal telopeptide of type I collagen (CTX-I), were also assessed using commer-
cially available ELISA kits (Nanjing Jiancheng Institute of Bioengineering, Nanjing, China;
MyBioSource, San Diego, CA, USA) to monitor calcium withdrawal from bone reserves
according to the manufacturer’s instructions [44—46]. These ELIZA kits utilize a quantita-
tive sandwich enzyme immunoassay technique for the antibodies specific to TRACP-5b
and CTX-I, followed by a colorimetric analysis approach to determine the proportions of
TRACP-5b and CTX-I bound to the antibodies in the initial binding process.

2.5. In Vivo Computed Tomography (CT) Image Procurement and Analysis

At 20, 30, 50, and 70 weeks of age, 3 randomly selected birds per pen (n = 54/week)
were transported to Clemson University’s Godley—Snell Research Center for image acquisi-
tion. The birds were placed in transfer crates and transferred from the farm to an exterior
climate-controlled room at Godley-Snell with dim lighting to mediate stress levels. Color-
coded restraint devices were developed for utilization specific to CT scans. Three birds were
scanned at once, where the hens’ legs were gently folded inside a cape and safely fastened
around the bird with Velcro. Dark mesh fabric was sewn to the top of the restraint device
for adequate ventilation and concurrent darkness during the scanning process. Dimmed
lights were utilized to promote stillness in the imaging room. The birds were placed in
a right lateral recumbency, headfirst, in a single-file line between taped sponge wedges,
ensuring no skeletal superimposition, above a hydroxyapatite calibration phantom (QRM
Quality Assurance in Radiology and Medicine, Mohrendorf, Germany). CT images were
captured with a helical acquisition, bone-sharp 0-11 kg protocol, 0.5 mm slice thickness,
and a 200 mA “FC30” algorithm. Following the capture of the images, reconstruction
occurred using a 0.5 mm “standard” algorithm. Individual identification numbers were
logged in the scan description for identification. CT images were captured using a Toshiba
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Aquilion TSX-101A 16-slice scanner. Following the capture of the CT images, the hens were
returned to their respective pens via transfer crates and monitored for stress indicators.
CT image analysis was then performed to determine the in vivo cross-sectional area and
bone mineral density (BMD) using an image analysis protocol adapted from the methods
of Harrison et al. [44] (Figure 2). At week 70, the hens were euthanized on-farm by CO,
inhalation following the completion of the scans. The euthanized birds were immediately
frozen post-mortem at —20 °C for further analysis.

Area: 21.001 mm?

Mean: 1637.953 Sdev: 396.682 Sum: 146246288
Min: 443.000 Max: 2522.000

Length: 4.473 cm

Figure 2. Image examples of CT analysis of the tibiotarsal region. (a) Determination of proximal,
middle, and distal points of interest of the tibiotarsus, (b) orientation of tracing regions of interest for
analysis, and (c) orientation of tracing regions of interest for the hydroxyapatite rods in the phantom.

2.6. Measures of Bone Health Ex Vivo
2.6.1. Tibia Breaking Strength

Following CT scanning at 70 weeks of age, the birds (n = 54) were prepped for
dissection of the tibiotarsi for further analysis. Mechanical properties of the right tibiotarsi
were analyzed using a three-point bending test following recommendations specified by
the American National Standards Institute (ANSI), using an Instron Dynamic and Static
Material Test system (Model 5944, Instron Corp., Canton, MA, USA) equipped with a 500 N
load cell and Automated Material Test System software (8800 MT Controller, Instron Corp.,
Canton, MA, USA), as described by Anderson et al. and Harrison et al. [47,48]. Data for
load and displacement were collected and used to calculate the bone-breaking strength (N)
and bone stiffness (N/mm).

2.6.2. Tibia Ash Percentage

Following the last series of CT scans at 70 weeks of age, the euthanized birds (n = 54)
were dissected for analysis of the tibiotarsi. Prior to testing, formerly frozen whole legs
were slowly thawed at refrigerator temperature for 24 h. The muscles surrounding the left
tibiotarsi regions and other soft tissues were dissected, and the fibula was removed from
the region. Following dissection, the dry crucible weight was recorded. The left tibiotarsi
were cut into small pieces, placed into ceramic crucibles, and then weighed. Left tibiotarsi
were air-dried at 100 °C for one hour, transferred into a desiccator for an additional hour,
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and weights were recorded. The tibiotarsi were placed into crucibles and ashed for 6 h
at 600 °C. The oven utilized in this experiment was the Thermolyne 30400 (Barnstead
International, Dubuque, IA, USA). Following the ashing process, the crucible was placed in
a desiccator for one hour, and the ash weight was recorded. To calculate the percentage of
tibia ash, we divided the tibia ash weight by the tibia dry weight and multiplied by 100.

2.7. Statistical Analysis

A power analysis was performed to determine the minimum sample size for the study,
indicating that our sample size was adequate to fulfill the requirements to show statistical
significance per parameter. The data were analyzed using R software (version 3.3.1)
along with the “stats” package (R Core Team, 4.3.2, 2013). Generalized linear mixed-
effects models (GLMMSs) were employed to examine the main effects of treatment (C, W1,
and W2) and bird age (weeks 20, 30, 50, and 70) on each variable. These models were
constructed using the “Ime4” package [49]. In each GLMM, the interaction term between
main effects was also evaluated as a fixed effect, while pen and individual birds were
considered as random effects. The “Quasibinomial” family was chosen for proportion data
(ash %), and the “Poisson” family was used for other data types. Post hoc comparisons
were conducted using Tukey’s HSD multiple comparison procedure with the “multcomp”
package [50]. For proportion data (ash %), the “DHARMa” package was utilized to assess
residual distribution and GLMM assumptions, while the Shapiro-Wilk test was applied for
normality analysis of the model residuals (i.e., breaking strength (N) and stiffness (N/mm)).
Statistical significance was established at p < 0.05. Descriptive statistics were computed
using the “psych” package, and data were presented as mean =+ standard error of the
mean (SEM).

3. Results
3.1. Serum Calcium Concentration

Treatment had a significant effect on serum calcium concentrations immediately before
lights on (END) at 20, 30, 50, and 70 weeks of age (Table 1). C hens showed the lowest con-
centration of END serum calcium across all weeks compared to the W1 (weeks 20: p = 0.019
and 0.022; 30: p = 0.012 and 0.026; 50: p = 0.023 and 0.014; 70: p = 0.012 and 0.011, respec-
tively) and W2 hens (weeks 20: p = 0.016 and 0.018; 30: p = 0.018 and 0.017; 50: p = 0.019
and 0.021; 70: p = 0.011 and 0.013, respectively). SRT serum calcium concentrations were
not significantly different across treatments within each week.

Across weeks and within the same treatment, C hens showed the highest SRT concen-
tration at week 20 compared to weeks 50 and 70 (p = 0.036 and 0.041, respectively; Table 1),
while week 30 SRT serum calcium concentrations were significantly higher than week 70
(p = 0.043) but not significantly different from week 20 or 50. W1 hens did not show a
significant difference in SRT serum calcium concentrations at weeks 20, 30, and 50; however,
week 70 was significantly lower than weeks 20 and 30 (p = 0.036 and 0.042, respectively;
Table 1). W2 hens were not significantly different at weeks 20, 30, and 50. However, the SRT
serum calcium level at week 70 was significantly lower than at weeks 20 and 30 (p = 0.035
and 0.039, respectively; Table 1).

C hens” END serum calcium concentrations were highest at weeks 20 (p = 0.024 and
0.036) and 30 (p = 0.034 and 0.039) compared to weeks 50 and 70. However, there were
no significant differences between END serum calcium concentrations at weeks 20 and 30
or weeks 50 and 70. W1 and W2 hens showed no significant differences in END serum
calcium concentrations across all weeks (Table 1).
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Table 1. Mean serum calcium concentrations == SEM immediately following lights off (SRT) and

immediately before lights on (END).

Week Treatment Start (SRT) (mg/dL) End (END) (mg/dL)

C 29.29 + 1.52 a4 15.58 + 1.96 ¥4
20 W1 28.96 + 1.39 @A 22.89 + 1.58 A
W2 30.56 + 1.99 ¥4 23.63 & 1.66 A

p-value 0.325 0.023
C 26.59 + 2.06 @AB 13.52 + 1.52 &4
30 W1 28.96 + 1.96 %A 19.85 + 1.03 bA
W2 27.63 + 1.06 @A 20.88 + 1.11bA

p-value 0.469 0.034
C 23.56 + 2.03 2B 10.89 + 1.09 @B
50 W1 25.69 + 1.52 &AB 1859 + 1.16 bA
W2 26.89 + 1.36 @AB 19.66 + 1.36 bA

p-value 0.239 0.029
C 20.85 + 1.192€ 9.58 + 0.96 B
70 w1 2436 + 1.63 B 21.03 + 1.01bA
W2 23.99 + 1.21 3B 20.88 & 1.13bA

p-value 0.693 0.033

Treatments. C: birds received 16 h of continuous light (photophase) and 8 h of continuous darkness (scotophase).
W1: birds received 15 h of continuous photophase, 4 h of scotophase, 1 h of photophase, then 4 h of scotophase.
W2: birds received 14 h of continuous photophase, 4 h of scotophase, 2 h of photophase, then 4 h of scotophase.
ab Means with differing superscripts indicate statistically significant differences within columns of the same week
at p < 0.05. A"C Means with differing superscripts indicate statistically significant differences within treatments
across weeks at p < 0.05.

3.2. Bone Demineralization

There was a significant effect of treatment on TRACP-5b concentrations at weeks 20,
30, 50, and 70 (p = 0.026). C hens showed higher concentrations of TRACP-5b compared to
W1 and W2 hens at weeks 30 (p = 0.019 and 0.026), 50 (p = 0.034 and 0.029), and 70 (p = 0.025
and 0.036; Figure 3), while there were no significant differences between treatments at
week 20.

Across weeks and within treatments, C hens showed the highest TRACP-5b con-
centration at week 70 compared to all other weeks during the trial (weeks 20: p = 0.012;
30: p = 0.036; 50: p = 0.042; Figure 3), while TRACP-5b concentrations at weeks 30 and 50
were significantly higher than week 20 (p = 0.026 and 0.032, respectively). For treatments
W1 and W2, hens showed significantly lower TRACP-5b levels at week 20 compared to
weeks 30 (p = 0.039 and 0.043), 50 (p = 0.032 and 0.039), and 70 (p = 0.038 and 0.036), while
TRACP-5b concentrations at weeks 30, 50, and 70 were not significantly different (Figure 3).

For the CTX-I concentration, the treatment had a significant effect across all weeks
in the trial (p = 0.027). At 70 weeks of age, C hens showed the highest concentration of
CTX-I compared to W1 and W2 hens across weeks 30 (p = 0.023 and 0.031), 50 (p = 0.021
and 0.026), and 70 (p = 0.019 and 0.022; Figure 4), while there were no significant differences
between treatments at week 20.

Age negatively affected TRACP-5b concentrations within the same treatment and
across weeks. C hens showed significantly higher concentrations of CTX-I at week 70
compared to weeks 50, 30, and 20 (p = 0.035, 0.032, and 0.018, respectively; Figure 4), while
week 20 was significantly lower than weeks 30 and 50 (p = 0.026 and 0.032, respectively).
W1 and W2 hens showed significantly lower CTX-I concentrations at week 20 compared
to weeks 30, 50, and 70 (W1: p = 0.023, 0.036, and 0.025; W2: p = 0.022, 0.029, and 0.032,
respectively; Figure 4), while there were no significant differences across these weeks.
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Figure 3. Mean serum concentrations of tartrate-resistant acid phosphatase 5b (TRACP-5b; U/L)

in laying hens at 20, 30, 50, and 70 weeks of age (n = 54/week), with treatments consisting of no
scotophase interruption (C), 1 h of scotophase interruption (W1), and 2 h of scotophase interrup-
tion (W2). P Means with differing superscripts indicate statistically significant differences across
treatments of the same week at p < 0.05. A~¢ Means with differing superscripts indicate statistically
significant differences within treatments across weeks at p < 0.05.
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Figure 4. Mean serum concentrations of C-terminal telopeptide of type I collagen (CTX-I; ng/L)
in laying hens at 20, 30, 50, and 70 weeks of age (n = 54/week), with treatments consisting of no
scotophase interruption (C), 1 h of scotophase interruption (W1), and 2 h of scotophase interrup-
tion (W2). *® Means with differing superscripts indicate statistically significant differences across
treatments of the same week at p < 0.05. A~¢ Means with differing superscripts indicate statistically
significant differences within treatments across weeks at p < 0.05.

3.3. Tibiotarsal CT Image Analysis

Following CT scan analysis, no differences between treatments and weeks for total
bone cross-sectional area (TCSA) and no statistically significant differences in TBMD were
observed at week 20 for any of the bone sections assessed.
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There were statistically significant differences in total bone mineral density across
weeks and treatment groups (p = 0.025; Table 2). C hens showed lower TBMD at all
locations than other treatments at 30 (proximal: p = 0.018, 0.029; middle: p = 0.031, 0.024;
distal: p = 0.031, 0.028), 50 (proximal: p = 0.016, 0.022; middle: p = 0.017, 0.015; distal:
p = 0.020, 0.025), and 70 (proximal: p = 0.011, 0.013; middle: p = 0.015, 0.019; distal: p = 0.021,
0.019) weeks. Age negatively affected TBMD for all sections, independently of the treatment
(p = 0.021). Across weeks, proximal measurements for TBMD in C hens at week 20 were
significantly higher than weeks 30 (p = 0.032), 50 (p = 0.022), and 70 (p = 0.012), while
week 70 was significantly lower than weeks 30 (p = 0.026) and 50 (p = 0.035). TBMD in
the middle and distal locations for C hens were the lowest in week 70 compared to weeks
20 (middle: p = 0.012; distal: p = 0.013), 30 (middle: p = 0.021; distal: p = 0.022), and 50
(middle: p = 0.035; distal: p = 0.033). Proximal, middle, and distal TBMD measurements in
W1 hens at week 20 were significantly higher than in weeks 30 (proximal: p = 0.039; middle:
p = 0.036; distal: p = 0.032), 50 (proximal: p = 0.028; middle: p = 0.024; distal: p = 0.028),
and 70 (proximal: p = 0.018; middle: p = 0.011; distal: p = 0.018). TBMD measurements in
W2 hens were the lowest at week 70 compared to weeks 20 (proximal: p = 0.019; middle:
p = 0.021; distal: p = 0.016), 30 (proximal: p = 0.032; middle: p = 0.024; distal: p = 0.026), and
50 (proximal: p = 0.036; middle: p = 0.031; distal: p = 0.028), while there were no significant
differences at weeks 30 and 50 (Table 2).

Similarly, there were no differences between treatments in the cortex cross-sectional
area (CCSA) and bone mineral density (CBMD) at week 20 for any of the bone sections
assessed. Effects of age and treatment were detected in the CCSA (p = 0.028; Table 2). C hens
had significantly lower proximal, middle, and distal CCSA values in weeks 30 (proximal:
p =0.022, 0.024; middle: p = 0.015, 0.026; distal: p = 0.021, 0.032), 50 (proximal: p = 0.017,
0.022; middle: p = 0.021, 0.036; distal: p = 0.015, 0.034), and 70 (proximal: p = 0.028, 0.019;
middle: p = 0.034, 0.021; distal: p = 0.034, 0.022) compared to W1 and W2 hens (Table 2).

Across weeks, C hens had the lowest CCSA in proximal, middle, and distal at week 70
compared to weeks 50 (middle: p = 0.036; distal: p = 0.029), 30 (proximal: p = 0.036; middle:
p = 0.034; distal: p = 0.036), and 20 (proximal: p = 0.019; middle: p = 0.022; distal: p = 0.026).
On the other hand, both W1 and W2 hens showed no significant differences across weeks
in the CCSA at any location.

Statistically significant differences were detected in CBMD across treatments and
weeks (p = 0.029; Table 2). C hens showed lower proximal, middle, and distal CBMD values
compared to W1 and W2 hens at weeks 30 (proximal: p = 0.023, 0.031; middle: p = 0.020,
0.024; distal: p = 0.019, 0.025), 50 (proximal: p = 0.031, 0.019; middle: p = 0.022, 0.031; distal:
p =0.020, 0.028), and 70 (proximal: p = 0.017, 0.028; middle: p = 0.019, 0.025; distal: p = 0.031,
0.028), while there were no significant differences between W1 and W2 hens. Across weeks,
significant differences for CBMD were detected in all treatment groups and bone sections,
where week 70 showed the lowest CBMD values, and weeks 20, 30, 50, and 70 were all
significantly different (Table 2).
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Table 2. Mean total area of tibiotarsi cross-section within regions of interest & SEM and total bone mineral density of tibiotarsi cross-section within regions of interest

£ SEM of hens at weeks 20, 30, 50, and 70 (n = 54/week). Mean area of tibiotarsi cross-section cortex within regions of interest = SEM and cortex bone mineral

density of tibiotarsi cross-section within regions of interest & SEM of hens at weeks 20, 30, 50, and 70 (n = 54/week).

Total Bone Cross-Sectional Area (TSCA; mm?)

C w1 w2
Week Proximal Middle Distal Proximal Middle Distal Proximal Middle Distal
20 70.06 +1.032A 5496 +1.14%4A 5602+ 11734 7035+ 1.0324 5391 +1.13*A 5564+ 11727 7035+ 1.023A 5402+ 11234 5586+ 1.1634
30 69.85+1.123A 5485+ 113372 5596+ 0.6734 7021 +12634 53754+ 1.02%A 5553+ 0613A 7028 +1.123A 5386 +0.823A 5570+ 0.73 34
50 7048 +1.132A 5529 +1.143A 5646 +0.674  70.84 £1273A 5418 £1.03*A 5603+ 0672~ 7092 +1.133A 5413 +£0.823A 56,03 £+ 0.73 ¥4
70 7038 +1.133A 5524 +1.143A 5529 +£0.673A  70.81 +£1273A 5422 4+1.03%A 5609+ 06132 7022 +1.123A 5436 +0.833A 5585+ (.733A
p-value 0.856 0.563 0.425 0.558 0.639 0.785 0.569 0.748 0.879
Total Bone Mineral Density (TBMD; mg/cm?)
C w1 w2
Week Proximal Middle Distal Proximal Middle Distal Proximal Middle Distal
20 625 +36.58A 922 +£29.853A 10254+ 31.523A 663 4+ 302534 1021 £29.633A 989 +26.85%A 701 £32.253A 999 4 3363374 1097 + 31.99 +A
30 399 + 13.70 2B 563 4+ 11.03 B 611 + 15.88 2B 578 + 15.41 bB 818 4 22,49 bB 904 + 14.56 bB 595 4 14.03 bB 835 + 18.85 b:B 913 + 17.41 bB
50 380 =+ 25.69 @B 489 + 41.20 € 520 + 52.26 &€ 566 + 42.53 bB 794 + 66.83 bB 877 + 88.15bB 571 4 34.47bB 818 + 52.70 bB 885 + 61.54 bB
70 311 +29.852C€ 391 +3296P 421 +423320 521 +39.17bB 754 + 63.49 bB 824 +82.86PB 508 +30.68PC 736 +4743bC 850 4+ 59.07 PC
p-value 0.035 0.025 0.033 0.043 0.044 0.039 0.021 0.022 0.028
Cortex Cross-Sectional Area (CCSA; mm?)
C w1 w2
Week Proximal Middle Distal Proximal Middle Distal Proximal Middle Distal
20 3747 £1593A 2817 +1.123A 28724+ 1.0532  37.96+2573A 2819+ 19934 2906+ 1.043A 3857 +15534 2853+ 11234 2938+ 1.0334
30 3352 +2443A 2582 +2093A 2598+ 1.813A 3727 +3.09bA 2977416504 2942 +1.46PA  37464+208PA 2968 £1.65PA 2948 4+ 1.53bA
50 2656 +£1.943B 2299 + 1862~  23.63+1.6538 3426 +292PA 26634+ 148bA  2702+134PA 3521 +195PA 2863 £159PA 2796+ 1.4bA
70 23.63 +1.72 2B 18.2 + 1.47 2B 18.63 £1.302B  33.03+3.85PA 2569 +1.99bA 2588 +129bA 34964+ 194PA 2698 +150PA 2736+ 1.42bA
p-value 0.036 0.033 0.043 0.096 0.113 0.148 0.253 0.216 0.163
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Table 2. Cont.

Cortex Bone Mineral Density (CBMD; mg/cm?)

C w1 w2
Week Proximal Middle Distal Proximal Middle Distal Proximal Middle Distal
20 1352 4+ 33.69 A 2106 £ 32.69 @A 1790 + 26.633A 1291 £26.523A 2186 +31.89 A 1803 +29.88 ¥4 1302 +35.853A 2099 £ 36.65 " 1764 + 29.96 ¥4
30 814 + 232628 1094 +16.852B 996 +21.352B 1152 +£20.89bB 1956 + 17.89 2B 1535 £ 22,018 1226 +21.03PB 1864 + 22588 1426 + 19.57bB
50 562 + 48.15 € 764 + 35.29 aC 648 + 41.63 3C 994 4+ 54.05P€ 1759 +4824bC 1359 +58.44PC 1012 £52.11P€ 1524 +5538PC 1202 4 49.47bC
70 342 +£29.312P 470 +21.742D 438 +28.182D 795 +4324bD 1153 +31.62PP 1000 +43.01 PP 807 £ 415220 1259 4+ 45750 1044 + 42,98 bD
p-value 0.011 0.026 0.015 0.014 0.032 0.019 0.016 0.009 0.020

Treatments: Treatment consisting of no scotophase interruption (C), 1 h of scotophase interruption (W1), and 2 h of scotophase interruption (W2). Means with differing superscripts
indicate significant statistical differences between treatments at p < 0.05. *® Means with differing superscripts indicate statistically significant differences within the week (i.e., week 20)
and bone section (i.e., proximal), and across treatment groups at p < 0.05. 4P Means with differing superscripts indicate statistically significant differences within the treatment group

(i.e., C) and bone section (i.e., proximal), and across weeks at p < 0.05.
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3.4. Tibia Ash Percentage

Significant differences in the tibia ash percentage were detected across treatments
(p = 0.021). The tibia ash percentage in C hens was significantly lower compared to W1 and
W2 (p = 0.016 and 0.026, respectively; Figure 5).
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Figure 5. Mean tibia ash percentage (%) of laying hens at 70 weeks of age (n = 54) with treatments
consisting of no scotophase interruption (C), 1 h of scotophase interruption (W1), and 2 h of scotophase
interruption (W2). #® Means with differing superscripts indicate statistically significant differences
between treatments at p < 0.05.

3.5. Tibia Biomechanical Properties

There was a significant difference in tibiotarsi breaking strength (p = 0.021) and stiffness
(p =0.019) at 70 weeks of age. C hens showed the lowest breaking strength compared to W1
and W2 hens at week 70 (p = 0.013 and 0.025, respectively; Figure 6). C hens also showed
the lowest stiffness compared to W1 and W2 hens at 70 weeks of age (p = 0.021 and 0.029,
respectively; Figure 6).
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Figure 6. Mean tibia breaking strength (N) and stiffness (N/mm) of laying hens at 70 weeks of age
(n = 54), with treatments consisting of no scotophase interruption (C), 1 h of scotophase interruption
(W1), and 2 h of scotophase interruption (W2). ab Means with differing superscripts indicate statisti-
cally significant differences between treatments within a parameter at p < 0.05.



Poultry 2024, 3

376

4. Discussion

Little research has been carried out to explore the increasing availability of dietary
calcium in hens during nighttime hours when eggshell calcification occurs, which causes
the highest demand for calcium withdrawal from bones in laying hens [5,9]. Therefore,
the current study investigated the influence of interrupting the scotophase period on
bone health parameters in Hy-line W36 laying hens. The results from this trial indicated
that interrupting the scotophase period was beneficial for serum calcium concentrations,
slowing bone demineralization, maintaining adequate bone mineral density and area, and
improving bone-breaking strength and stiffness.

4.1. Serum Calcium

In our study, hens across all treatments and weeks showed higher SRT total serum
calcium concentrations at the end of the photophase period (immediately after lights off)
compared to END concentrations, at the end of the scotophase period (immediately before
lights on). Such differences between the SRT and END blood calcium concentrations
indicate the utilization of blood calcium as the primary source of shell calcification during
night hours. These findings are consistent with a previous study that reported a fall in
plasma calcium concentrations as blood passed through the shell gland during the eggshell
calcification process [51].

The egg-laying cycle consists of an approximate 24 h process, where the formation of
internal egg components, such as maturation of the yolk, albumen, and chalazae, occurs in
an approximate 4 h period [52]. Afterward, the egg is passed into the shell gland of the
uterus, where dietary calcium is absorbed from the gastrointestinal tract for supplementa-
tion of calcium carbonate during eggshell formation [52]. Eggshell formation occurs as a
result of the precipitation of calcite (a crystalline form of calcium carbonate) from uterine
fluid, where the blood-rich shell gland collects plasma calcium during shell calcification,
which is proven by the fall of plasma calcium concentrations as blood passes through the
shell gland [51].

The main source of calcium during this time is supplied through the blood from
dietary calcium uptake [50,52]; however, in a time of dietary calcium depletion, such as
the scotophase period, the body is forced to supplement the high demand for calcium
through other available sources [5,16,17,51,53]. As a result, osteoclastic activity increases
the calcium mobilization rate from medullary bone to supplement calcium, allowing the
bird to increase the serum calcium content for the continuation of eggshell calcification [53].
However, osteoclastic activity is not discriminatory to only medullary bone, as it also
increases calcium mobilization from structural bones [9]. In a previous study, total calcium
absorption within the digestive tract was highest between the first four hours following
the start of the scotophase period, reaching as high as 43% absorption. In the following 4 h
period (4-8 h from the initialization of the scotophase period), total calcium absorption from
the GIT reached only 15% [54]. In this previous study, laying hens were fed a commercially
formulated diet with a 3.69% calcium content, which was removed at 8 pm. Researchers
euthanized a series of birds at various timepoints following the removal of feed content.
This study found that at the initial point of dissection, the hens’ digestive system contained
1.15 g of calcium, but by 6 am, calcium contents only amounted to 0.11 g, with 0.34 g
excreted in the feces. These results indicate that hens absorbed 61% of total calcium needed
for eggshell formation from the digestive tract [54].

In the current study, although SRT calcium concentrations were not significantly dif-
ferent across treatments at all weeks, END calcium levels in control hens were significantly
lower than in hens who received a lights-on break during the scotophase period at all
weeks of the trial. The observed variances between C and test hens may be ascribed to
the dietary calcium intake during the scotophase period in test hens. Consequently, the
END blood calcium levels were sustained, resulting in a lesser decline compared to the
control hens. In the control group, where bone served as the primary calcium source for
eggshell calcification during this phase, the drop in calcium levels was more pronounced.
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An increase in calcium mobilization from the bone can lead to weak and brittle bones and
cause a degenerative disease known as osteoporosis, as the hens have no opportunity for
rebuilding due to ceased osteoblast activity [5,9,16,17,19]. This aligns with the findings
in the current study, where C hens exhibited progressively lower total SRT and END
serum calcium concentrations across weeks compared to W1 and W2 hens, which received
interruption of dark hours.

4.2. Bone Demineralization

In the current study, TRACP-5b and CTX-I enzyme concentrations within blood
circulation were used as indicators of osteoclast-specific activity during bone resorption,
increasing with an increased rate of resorption [44-46]. At week 20, no differences in
TRACP-5b or CTX-I were detected, indicating that hens in all treatment groups started with
similar levels of bone resorption; however, across weeks, C hens displayed the highest level
of demineralization in TRACP-5b and CTX-I compared to W1 and W2 hens. Differences
in bone resorption markers in C hens were detected starting at week 30 and continued
to increase through weeks 50 and 70, linking negative effects of mobilization of calcium
with increased age, unlike in W1 and W2, where levels changed at weeks 30 and then were
consistent at weeks 50 and 70. These findings indicate a more aggressive mobilization of
calcium from skeletal stores in C hens compared to W1 and W2 hens. This can likely be
attributed to the midnight access to feed in W1 and W2 hens and the ability to maintain a
higher blood calcium level throughout the night, when calcium demands are the highest for
eggshell calcification, with low levels of calcium withdrawal bone reserve. These findings
clarified the mechanism of calcium mobilization from bone to sustain eggshell formation,
as described in previous studies [44—46], and aligned with the aforementioned findings in
the current study (Section 4.1), attributed to the access to feed during scotophase hours for
W1 and W2 hens.

4.3. CT Image Analysis

Some studies have explored CT scans as a comparable source of calculation of BMD
and cross-sectional area [47,55]. The interruption of scotophase influenced measures
of TBMD, CA, and CBMD; however, no impact was observed in TA. Values at week
20 were similar across all treatment groups, indicating that all hens started at a similar
state of bone health. Hens in C pens showed the lowest TBMD across all bone sections
and across all weeks, while W1 and W2 tended to contain the highest TBMD; however,
according to the results, W2 hens saw more variation in TBMD across weeks than W1
hens. Previous studies indicated that bone mineral density is affected by factors such as
age, sex, production type, diet, and management practices [56]. Birds tend to deposit bone
minerals before the beginning of laying, and bone mineral density decreases simultaneously
with an increase in egg production. During the phase of growth prior to sexual maturity
(rearing phase), two processes affect skeletal development: longitudinal growth of long
bones by endochondral ossification and widening of long bones through intramembranous
ossification [9]. Once the hens reach sexual maturity, drastic changes in bone biology occur,
in which osteoblasts switch from forming mature lamellar cortical bone to producing woven
medullary bone structures. Medullary bone structures are utilized as an alternate source of
calcium for eggshell formation, especially in the leg bones in laying hens. According to
previous studies, the osteoblast production switch to medullary bone compared to cortical
bone is absolute and concurrently occurs with the continuation of osteoclastic activity
across the lay cycle [5,9,57]. As calcium demands are increased during scotophase when
dietary calcium availability is minimal, a surge in medullary bone osteoclast activity occurs.
However, due to the ill-defined nature of osteoclasts, exposed cortical bone succumbs,
leading to osteoporotic skeletal structures [9]. As osteoclastic activity continues to pull
calcium from skeletal stores of medullary and structural bone, BMD and the area of the
bone structures are expected to decrease [56]. The hens in C pens likely mobilized more
cortical bone than hens in pens with interrupted scotophase due to a lack of restoration
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periods throughout the lay cycle. Hens in W1 and W2 seemed more successful in protecting
calcium stores in structural bone formations, likely resulting from the availability of total
dietary calcium sources during eggshell calcification, which relates to the higher CCSA
values observed in W1 and W2 hens than in C hens.

In the current study, age and treatment influenced CCSA, where hens in C pens
demonstrated the lowest CA values, and W2 demonstrated the highest values; however,
W2 values were quite similar to W1. Previous studies reported that the loss of cortical bone
can be replaced with medullary bone, hence the importance of measuring CCSA separately
across weeks from TSCA, as TSCA is unlikely to change in the presence of medullary bone
formation [9]. CBMD for each bone section in C hens was lower than W1 and W2 each week,
indicating an increased rate of mobilization of bone structures. Values for CBMD were
quite high compared to TBMD due to the lack of medullary cavities in the measurement
regions, as these values focus on cortical bone only. Across weeks, a diminishing CBMD
was observed for each treatment. This can likely be associated with the lay cycle phase
and the age of birds. An association between age and percent of resorption was observed,
indicated by the decrease in area and density across weeks and treatments.

4.4. Tibia Ash Percentage

Bone ash percentage is an indicator used to assess the mineral content of the bones [58].
In the current study;, tibiae of hens provided with scotophase interruption showed higher
ash percentages than control hens, approaching end-lay at 70 weeks of age. Bone ash% is a
measure sensitive to changes in calcium intake [59], with a low ash% particularly late in the
lay cycle, associated with lower structural calcium content [60]. Similarly, in our study, the
lower ash% in the control hens indicated a higher incidence of mineral mobilization from
bone to sustain the calcium needed for eggshell calcification, unlike in test hens, where the
presence of dietary minerals may result in reducing the rate of mobilization from bones,
which in turn resulted in a higher ash% upon testing [58-61].

4.5. Bone Biomechanical Properties

In the current study, interrupting the scotophase period impacted the tibia biomechani-
cal properties of hens at week 70 of age, resulting in a higher breaking strength and stiffness
in hens receiving 1 or 2 h of light in the midpoint of the scotophase period compared to
control hens. Determining the breaking strength of the tibia involves applying monaxial
force until it breaks to assess the force required to provoke structural failure [62]. Several
studies indicated that bone-breaking strength is correlated with the amount of medullary
bone in the skeletal structure due to its interconnected lattice-like formation [63], where the
formation of the weak medullary bone usually occurs following the resorption of structural
cortical bone [9]. The weakness associated with medullary bone can be associated with
an irregular arrangement of collagen fibrils within the medullary cavity [9]. Similarly,
bone stiffness characterizes how much the bone deforms when loaded under force [64],
where higher stiffness rates indicate less deformity in the structure and are dependent on
cortical bone morphology, such as thickness and density [63,64]. Therefore, higher bone
stiffness would also indicate a higher cortical bone content within the structure, slower
bone resorption, and, in turn, a decrease in medullary bone formation. A higher breaking
strength and stiffness ratio would likely indicate the prevalence of cortical bone within the
structure and a slower mobilization of calcium from bone stores. Therefore, our results
suggested that interrupting the scotophase period resulted in slowing down the process of
degrading cortical into medullary bone to sustain calcium supply for eggshell formation
by increasing dietary calcium during the scotophase period, which in turn resulted in
increasing the bone-breaking strength and stiffness. This can likely be associated with
food storage in the crop during eggshell formation, limiting the amount of calcium uptake
from the skeletal structures, resulting in higher breaking strength and stiffness, aligning
with other findings in the current study. In the current study, findings of bone ash% and
bone biomechanical properties were consistent with and supported the previous findings
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(Sections 4.1-4.3) and were consistent with the benefits observed by the interruption of the
scotophase and the allowance of bone resorption depression, leading to a healthier bone in
the bird [62-64].

5. Conclusions

The results from our investigation indicated that changes to industry light schedules
may result in better bone health, potentially improving hen welfare and profitability for
producers. Likewise, the availability of dietary calcium during a period of high demand
induced by eggshell calcification exerted positive effects on serum calcium concentrations
at the end of the daily scotophase period and decreased bone demineralization. In turn,
these positive effects also increased the bone mineral density, the area of cortical bone
structures, and the ash percentages and bone-breaking strength and stiffness. Nevertheless,
exposure to light during midnight hours may not only affect skeletal health in laying hens.
In the current study, it is important to note that treatment did not affect the average daily
feed intake (ADFI) across all weeks, with ADFI values of 85.29, 119.09, 122.53, and 120.4 g
of feed/day observed at 20, 30, 50, and 70 weeks of age, respectively. Similarly, the feed
conversion ratio (FCR) remained unaffected by the treatment across the same timepoints
(week 20: 1.88; week 30: 2.12; week 50: 2.16; week 70: 1.89). However, a treatment effect
was detected on hens’ daily egg production (HDEP%) at 50 and 70 weeks of age, where
C hens exhibited the lowest HDEP (week 50: 90.89%; week 70: 80.56%) compared to W1
(week 50: 96.88%; week 70: 87.58%) and W2 (week 50: 96.56%; week 70: 86.55%), with no
significant differences between W1 and W2. Therefore, further research on the effects of
interrupted scotophase on parameters of concern for producers, such as feed intake, egg
quality, behavior, and welfare, is intended to be published in Parts II and III of this series.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /poultry3040028 /s1. Figure S1: Illumination was set to 30 Lux (XX
*1.487 cLux), measured at the height of the hens’ eyes. The spectrum that was used was generated
with 3000 K white LEDs plus 630 nm peak-wavelength red LEDs, resulting in the spectral density
graph shown. For the daily photophase segment, sunrise transitions from dark to light were set to
30 min, as were sunset transitions from light to dark. For transitions to the mid-scotophase light
pulses, transition times were set to 5 min.
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