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A B S T R A C T

The lacunar-canaliculi system is a network of channels that is created and maintained by osteocytes as they are
embedded throughout cortical bone. As osteocytes modify their lacuna space, the local tissue composition and
tissue strength are subject to change. Although continual exposure to parathyroid hormone (PTH) can induce
adaptation at the lacunar wall, the impact of intermittent PTH treatment on perilacunar adaptation remains
unclear. Therefore, the primary objective of this study was to establish how intermittent PTH(1-34) treatment
influences perilacunar adaptation with respect to changes in tissue composition. We hypothesized that local
changes in tissue composition following PTH(1-34) are associated with corresponding gains in tissue strength
and resistance to microdamage at the whole bone level. Adult male C57BL/6J mice were treated daily with PTH
(1-34) or vehicle for 3 weeks. In response to PTH(1-34), Raman spectroscopy revealed a significant decrease in
the carbonate-to-phosphate ratio and crystallinity across the entire tissue, while the mineral-to-matrix ratio
demonstrated a significant decrease in just the perilacunar region. The shift in perilacunar composition largely
explained the corresponding increase in tissue strength, while the degree of new tissue added at the endosteum
and periosteum did not produce any significant changes in cortical area or moment of inertia that would explain
the increase in tissue strength. Furthermore, fatigue testing revealed a greater resistance to crack formation
within the existing tissue following PTH(1-34) treatment. As a result, the shift in perilacunar composition
presents a unique mechanism by which PTH(1-34) produces localized differences in tissue quality that allow
more energy to be dissipated under loading, thereby increasing tissue strength and resistance to microdamage. In
addition, our findings demonstrate the potential for PTH(1-34) to amplify osteocytes' mechanotransduction by
producing a more compliant tissue. Overall, the present study demonstrates that changes in tissue composition
localized at the lacuna wall contribute to the strength and fatigue resistance of cortical bone gained in response
to intermittent PTH(1-34) treatment.

1. Introduction

The mechanical strength of bone is a function of its hierarchical
structure that spans across various length scales, ranging from nan-
ometers to centimeters [1]. At the micron scale, the lacunar-canaliculi
system is a network of channels that is created and continually main-
tained by osteocytes as they are embedded in bone [2–4]. The capacity
for osteocytes to modify or restructure the lacuna in particular was first
observed over 100 years ago in patients with rickets and osteomalacia
based on the enlarged lacunae present throughout their cortical bone
[5,6]. In more recent studies, osteocytes have also been shown to

modify the canaliculi in a similar manner as the lacuna [7]. Adaptation
of the lacuna void has been documented under numerous conditions
that include lactation, diabetes, exercise, micro-gravity, and aging
[7–15]. However, the impact that lacuna adaptation has on tissue
composition and strength is relatively unknown.

Adaptation of the lacuna is readily facilitated through parathyroid
hormone (PTH) and PTH-related protein (PTHrP) activation of the
PTH/PTHrP receptor (PPR). Under continuous PTH treatment, the la-
cuna void is significantly enlarged, with a higher presence of immature
matrix that is less mineralized [16]. Similarly, elevated levels of PTHrP
that are sustained during lactation enlarge the lacuna volume as
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calcium is sequestered from the surrounding mineral for milk produc-
tion [7,12]. Upon removal of PTH, the lacuna wall undergoes miner-
alization, constricting the lacuna space [12,16]. In contrast to con-
tinuous PTH treatment, very little is known regarding the impact of
intermittent PTH treatment on the adaptation of the lacuna void and its
surrounding tissue. In the context of exercise, the transient release of
endogenous PTH increased the presence of new, immature mineral at
the lacuna wall with higher carbonate content [14]. The coinciding lack
of change in lacuna size, suggested the new mineral was replacing
tissue previously removed at the onset of exercise. However, given that
exercise produces other forms of stimuli that effect osteocyte behavior,
it remains unclear to what extent intermittent PTH treatment alone
influences lacunar adaptation. In particular, changes in lacuna size and
its surrounding tissue composition can provide valuable insight on how
intermittent PTH treatment enhances the mechanical behavior of bone.

The chemical composition of bone is a key determinate of tissue
strength [17]. Bone strength and toughness gained by altering the tissue
composition can occur at various length scales. For example, new tissue
added through modeling or remodeling in response to PTH(1-34) can
decrease the average age of the tissue [17,18]. In contrast, local
changes in tissue composition and modulus at the micro and nano
scales provide a toughening mechanism by limiting crack growth
[17,19–21]. Adaptation at the lacuna wall in particular, has the capa-
city to either increase or decrease the spatial variation in tissue com-
position. However, the impact that local variations in tissue composi-
tion have on whole bone mechanics remains unclear.

Under conventional intermittent PTH(1-34) treatment, gains in
tissue strength have been attributed to bone turnover and gains in bone
mass [22,23]. In contrast, treating mature mice for only 3-weeks with
PTH(1-34) provides minimal changes in bone mass that do not explain
the corresponding increase in tissue strength. Therefore, the primary
objective of this study was to examine after 3-weeks of PTH(1-34)
treatment the changes in tissue composition and lacuna size in relation
to changes in tissue strength. We hypothesized that local changes in
tissue composition following PTH(1-34) are associated with corre-
sponding gains in tissue strength and resistance to microdamage at the
whole bone level. Overall, our data demonstrate that intermittent PTH
(1-34) decreases the perilacunr mineral-to-matrix ratio and carbonate-
to-phosphate ratio, and that this shift in perilacunar composition cor-
relates with an increase in tissue strength.

2. Methods

2.1. In-vivo protocols

Animal procedures were performed at the University of Michigan
with University Committee on Use and Care of Animals (UCUCA) ap-
proval. To avoid confounding effects from endogenous changes in PTH
levels due to menstruation [24], male C57BL/6J mice were purchased
from Jackson Laboratories (Bar Harbor, ME), at 15 weeks of age and
allowed to acclimate in individual housing with sufficient water, food,
and items for enrichment. At 16-weeks of age, mice were divided into
two weight-matched groups with 7 mice in each group: vehicle and
PTH(1-34). Each group received daily subcutaneous injections of either
50 μl of saline solution (0.9% NaCl) as a vehicle control, or 40 μg/kg of
hPTH(1-34) (Bachem, CA) in saline. Mice received fluorochrome in-
jections at day 3 (alizarin complexone, 25mg/kg) and day 15 (xylenol
orange, 90mg/kg). The fluorochrome markers were used to quantify
the apposition of mineralized tissue and percentage of new cortical
tissue added under each treatment. Each mouse was then sacrificed on
day 21 to isolate the tibiae and femora, which were then wrapped in
gauze soaked with Ca2+ buffered saline and stored at −80 °C until
further use. The right tibiae were used for μCT analysis and monotonic
mechanical testing, while the left tibiae were used for Raman spectro-
scopy. In addition, the right femora were used for fatigue testing and
microdamage analysis, while the left femora were used as the non-

fatigued control for microdamage analysis.

2.2. Micro-computed tomography (μCT) analysis

Prior to any mechanical loading, the tibiae and femora were
scanned in a Scanco μCT system (μCT100 Scanco Medical, Bassersdorf,
Switzerland) with the following settings: 12 μm voxel size, medium
resolution, 70 kVp, 114 μA, 0.5 mm AL filter, 500ms integration time.
For each scan, samples were embedded in 1% agarose, to prevent de-
hydration. Image slices were processed with a greyscale threshold op-
timized across the entire population of samples.

Images of each tibia were orientated to match their position during
mechanical testing. A standard site was defined in the mid-diaphysis,
midway between the loading points, while the fracture site was defined
based on the distance between the distal tibia-fibula junction and where
the crack initiated along the medial side under tension. At both sites the
cortical bone thickness, cross-sectional area, bone mineral content
(BMC), bone mineral density (BMD), distance from the neutral axis to
the most medial surface, moment of inertia about the anterior-posterior
axis (MOIA/P) and medial-lateral axis (MOIM/L) were determined. The
parameters at the fracture site were used to estimate tissue-level me-
chanical properties, while the means and standard errors from the
standard site are reported.

Images of each femur were also orientated to match their position
during the fatigue test. A standard cortical site was defined midway
between the loading points where the moment of inertia about the
medial-lateral axis (MOIM/L) and distance to the neutral axis were de-
termined for calculating the needed force for fatigue testing.

2.3. Histomorphometry

The purpose of the fluorochrome labels was to quantify the amount
of mineralized tissue formed during treatment as a percentage of the
total cortical area. First, each tibia was embedded in methyl metha-
crylate (Koldmount Cold Mount kit, Mager Scientific, MI) following
graded ethanol dehydration. Sections were then cut at the mid-dia-
physis using a low-speed sectioning saw (South Bay Technology, Model
650, CA) with a diamond wafering blade (Mager Scientific, MI), and
polished on wet silicon carbide abrasive disks to a final thickness of
100 μm. Fluorochrome labels were identified under a confocal micro-
scope (Olympus FluoView™ FV1000) to calculate the mineralizing
surfaces (MS) as a percentage of the endosteum and periosteum surfaces
according to standardized histomorphometric analysis using ImageJ
software [25]. In addition, new tissue was defined by the area between
the alizarin red label and endosteal or periosteum surface. Regions that
contained only xylene labels given on day 15 were also included to
calculate new tissue content. For each sample, the total new tissue was
normalized to total bone area.

2.4. Raman spectroscopy and lacuna size

Raman spectroscopy was used to evaluate the tissue composition
localized around individual lacuna in comparison to composition away
from the lacunar wall. Tibiae sections prepared for histomorphometry
were used since the samples were not fixed in formalin, but only de-
hydrated over the course of 24 h in a series of graded ethanol washes
prior to embedding in methyl methacrylate. Sections of each tibia were
imaged using a Raman microprobe with a 785-nm diode laser (Invictus,
Kaiser Optical Systems) and a line focused laser beam (60 μm in length)
through a polarization scrambler and a 40×/0.75 N objective (S Fluor,
Nikon Instruments) with a diffraction limitation of ~500 nm based on
the objective and its numerical aperture of 0.9. The Raman spectra were
collected over the perilacunar and non-perilacunar regions as pre-
viously described [14]. Briefly, distances along the laser line were first
calibrated. The laser line was then positioned to extend out from the
lacuna wall. Hyperspectral Raman images were taken at each position
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along the laser line. Images within 0–5 μm from the lacuna wall were
averaged to characterize the perilacunar tissue, while images within
10–15 μm from the lacuna wall were averaged to characterize non-
perilacunar tissue. Image data was then processed as described [26,27].
A peak fitting routine was used to identify peak intensities for phos-
phate (959 cm−1), carbonate (1070 cm−1), and the hydroxyprolines
(851 cm−1 and 873 cm−1) as the matrix phase. The phosphate peak was
then used to normalize the image. The mineral-to-matrix ratio (MMR)
was calculated as 959 cm−1/(851 cm−1 and 873 cm−1), and the car-
bonate-to-phosphate ratio (CPR) was calculated as 1070 cm−1/
958 cm−1. The crystallinity was defined by the inverse of the phosphate
band width at half of the maximum intensity (1/FWHM 958 cm−1).
Lacunae were randomly selected from the medial region of the tibiae
and their cross-sectional areas were measured along with each Raman
parameter. Each parameter was averaged across 3 to 4 imaged lacunae
taken from the same sample. A total of 7 samples were tested for each
group and the mean and standard error for each group are reported.

2.5. Monotonic fracture test

The mechanical properties of each tibia scanned for μCT analysis
were determined under four-point bending using an Admet eXpert 450
Universal Testing Machine [28]. The base support span was 9mm with
a loading span of 3mm. The tibia was positioned in the loading device,
such that the medial surface was in tension by placing the most distal
portion of the tibia and fibula junction directly over the left-most
support point. Each tibia was loaded at a rate of 0.01mm/s until
failure, while the load and displacement were recorded. The force
displacement curve was used to determine structural-level mechanical
properties. The following beam bending equations for four-point
loading were then used to estimate the tissue-level mechanical prop-
erties:

= = ∙ ∙ ∙f a cStress σ /2 MOIA/P

= = ∙ ∙ ∙ − ∙c d a L aStrain ε 6 / (3 4 )

In each equation, f is the applied force, d is the resulting displace-
ment, a is the distance between the inner spans (3mm), L is the distance
of the outer spans (9mm), and c is the distance from the neutral axis to
the surface under tension. Since the cylindrical shape at the mid-dia-
physis of the tibia begins to collapse after the yield point, beam bending
equations were only used to measure the yield and ultimate stress strain
properties alongside the modulus of elasticity. The yield point was
determined from the stress-strain relationship using a 20% offset
method [29].

2.6. Fatigue test

The resistance to microdamage was tested by subjecting the right
femora to cyclic loading. First a pre-loading phase was applied under a
sinusoidal profile of 2 Hz for 20 cycles between 0 and 5 N using a Bose®
EnduraTech ELF 3200 Series device. The force deflection curve was
then used to estimate the modulus using the geometric properties
identified under μCT. The required load needed to produce a peak
strain of 10,000 micro-strain along the anterior surface was then cal-
culated and applied over 40,000 cycles at 2 Hz. At this level of strain,
the applied stress was ~50MPa for vehicle treated samples and
~80MPa for PTH(1-34) samples, both of which are 30% or more below
the yield point of age-matched vehicle treated controls. The use of such
high strains was chosen to examine how much PTH(1-34) is able to
reduce the level of damage. All testing was conducted in a 37 °C cal-
cium-buffered saline solution.

The fatigued and non-fatigued contralateral femora were stained
with basic fuchsin in a graded ethanol dehydration (70, 80, 90, 100%),
then embedded in PMMA and sectioned as described earlier. Each
section was imaged using a confocal microscope (Olympus FluoView™

FV1000). Microdamage was evaluated in the anterior region of both
loaded and non-loaded femora by quantifying the area of diffuse da-
mage, and the number and length of linear cracks [30]. Diffuse damage
was identified as a pooling of fuchsin staining that was> 300 μm2

(average area of 3 lacuna). Linear cracks< 10 μm in length were not
counted. Values of diffuse damage and crack number were normalized
to the total cortical area in each image.

2.7. Statistical analysis

All outcome measures are reported as the group mean ± the
standard error of mean. Using SPSS, normality was first verified using a
Shapiro-Wilk test. Next, a single classification analysis of variance
(ANOVA) was performed to calculate statistical differences in lacuna
area, cortical geometry, histomorphometry, and mechanical properties
between vehicle and PTH(1-34) treatments. For tissue composition, the
main and interaction effects of treatment (vehicle vs. PTH) and region
of interest (perilacunar vs. non-perilacunar) were evaluated using a
two-factor analysis of variance (ANOVA) with repeated measures and
Tukey post-hoc testing between groups. Measures of microdamage were
also evaluated for main and interaction effects of treatment and limb
(loaded vs. non-loaded) using the same two-way ANOVA. Differences
between the initial and final stiffness and modulus for the femur were
evaluated using a paired Student t-test. The relationship between tissue
composition and whole bone strength was then evaluated by calcu-
lating the Pearson's correlation coefficients. Throughout the study, a p-
value < 0.05 was considered significant.

3. Results

3.1. Perilacunar composition is modified following PTH(1-34) treatment

Following 3-weeks of PTH(1-34) or vehicle treatment, tissue com-
position of the tibia was evaluated across both perilacunar and non-
perilacunar regions using Raman spectroscopy. Relative position to the
lacuna wall (e.g. perilacunar versus non-perilacunar tissue) had a sig-
nificant main effect on the mineral-to-matrix ratio (p= 0.02), which
was driven by the significant decrease in this ratio in perilacunar vs.
non-perilacunar tissue in PTH(1-34) treated samples (Fig. 1A). The
carbonate-to-phosphate ratio and crystallinity were significantly de-
pendent on treatment (p < 0.001), with both the carbonate-to-phos-
phate ratio and crystallinity being significantly decreased by PTH(1-34)
treatment (Fig. 1B & C). The cross-sectional area of each lacuna imaged
was on average 13 larger and significantly greater in the PTH(1-34)
treated group compared to vehicle treated group (Fig. 1D).

3.2. PTH(1-34) modifies the structural-level and tissue-level mechanical
properties of bone

Having identified key changes in tissue composition following PTH
(1-34) treatment, both structural-level and tissue-level mechanical
properties were then evaluated in the contralateral limb. At the struc-
tural-level, there was a significant increase in the stiffness of tibiae from
PTH(1-34) treated mice, while tissue-level mechanical properties re-
vealed a significant increase in modulus and ultimate stress and sig-
nificant decrease in yield strain. Based on μCT analysis, the tibiae dis-
played insignificant differences in cortical area, thickness, bone mineral
density, and moment of inertia compared to vehicle treated controls
(Table 1). Imaging of the fluorochrome labels demonstrated that 24% of
the endosteal and periosteal surfaces were mineralizing following PTH
(1-34) treatment compared to only 10% in the vehicle treated controls
(p < 0.05, Table 1; Fig. 2). The BFR was also significantly increased
following PTH(1-34) treatment. Only 2.5% of the cortical area in PTH
(1-34) treated samples was identified as new tissue compared to 1.8%
in the vehicle control; however, the difference in new formed tissue was
not statistically significant.
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3.3. PTH(1-34) increases the resistance to microdamage

Given the influence that PTH(1-34) had on the tissue-level me-
chanical properties, we then evaluated the ability of PTH(1-34) to in-
crease resistance to microdamage under fatigue loading. During fatigue
loading, the vehicle group displayed a significant loss in stiffness
(118 ± 6.1 N/mm initial vs. 88 ± 8.7 N/mm final; p < 0.001) and
modulus (7.8 ± 0.7 GPa initial vs. 5.8 ± 0.7 GPa final, p < 0.001)
based on paired Student t-tests. PTH(1-34) treated samples also dis-
played a significant loss in stiffness (137 ± 5.0 N/mm initial vs.
112 ± 4.5 N/mm final; p < 0.001) and modulus (8.5 ± 0.6 GPa in-
itial vs. 6.9 ± 0.5 GPa final; p < 0.001). Although the percent loss in
stiffness for the vehicle group was higher than for the PTH(1-34) group,
it was not statistically significant (−26 ± 4.8% vehicle vs.
−18 ± 2.7% PTH(1-34), p= 0.09).

After fatigue loading, the presence of micro-cracks and diffuse da-
mage was significantly less in PTH(1-34) treated samples (Fig. 3). Crack
density was significantly dependent on fatigue loading (p= 0.05) and
treatment (p=0.05). In addition, there was a significant interaction
between treatment and loading on crack density (p= 0.001). Post hoc
analysis found fatigue loading significantly increased crack density in
the vehicle group, but not the PTH(1-34) treated group. Treatment also
had a main effect on the linear crack length (p=0.05) and diffuse
damage density (p= 0.04). In particular, diffuse damage for both fa-
tigued and non-fatigued conditions was significantly lower in PTH(1-
34) treated groups compared to vehicle treated groups. Altogether,
fatigue loading increased crack density, but not crack length, indicating
that loading led to an increase in crack nucleation, but not crack
growth. PTH prevented new cracks or diffuse damage from forming
under cyclic loading, but did not have a significant effect on crack

Fig. 1. Tissue composition based on Raman spectroscopy revealed significant changes in both perilacunar and non-perilacunar regions following PTH(1-34)
treatment. PTH(1-34) reduced the perilacunar mineral-to-matrix ratio (A), while reducing the carbonate-to-phosphate (B), and crystallinity (C) across both regions.
D) Lacuna cross-sectional area was significantly larger in the PTH(1-34) treated group. Significant main factor effects are noted for treatment (*T), relative position to
lacuna wall (*P), or their interaction (*TxP). Tukey post hoc analysis of specific group differences with a p-value < 0.05 are noted by ‘a’ for comparisons between
region and ‘b’ for comparisons between treatment. ‘c’ indicates p-value < 0.05 between vehicle and PTH(1-34) treated groups. Mean ± sem are shown (n= 7, each
n represents 3 to 4 lacuna from each sample).
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growth.

3.4. Coordinated changes in perilacunar composition and tissue strength

The potential influence that local changes in mineral composition
may have on the tissue-level mechanical properties was evaluated by
calculating the Pearson Correlation Coefficients between the whole
bone mechanical properties and the composition of perilacunar and
non-perilacunar tissue (Table 2). There was a significant negative re-
lationship between perilacunar MMR and yield stress, indicating that a
decrease in the perilacunar MMR corresponds with an increase in yield
stress (Fig. 4). There was also found a significant negative correlation

between perilacunar CPR and ultimate stress. There were no significant
relationships between any geometric property (cortical area, moment of
inertia, mineral content, or bone mineral density) and tissue-level me-
chanical properties.

4. Discussion

The present study demonstrates a unique mechanism by which in-
termittent PTH(1-34) treatment improves tissue strength and resistance
to microdamage by facilitating changes in the tissue composition lo-
calized at the lacuna wall. Based on spatially localized Raman spec-
troscopy, the response to PTH(1-34) is characterized by a decrease in
the mineral-to-matrix ratio at the lacuna wall, along with decreases in
the carbonate-to-phosphate ratio and crystallinity that extend beyond
the perilacunar zone (Fig. 1). At the whole bone level, PTH(1-34)
treatment increased stiffness despite insignificant changes in bone mass
(i.e. cortical area, bone mineral content) and cross-sectional geometry
(i.e. cortical thickness, moment of inertia, distance to the neutral axis)
(Table 1). The increase in structural level properties corresponded with
a significant increase in modulus and tissue strength (and ultimate-
stress). In addition to whole bone mechanical properties, PTH(1-34)
treatment also increased the resistance to microdamage (Fig. 3), further
suggesting an adaptation in the existing tissue composition. Overall, the
gains in tissue strength and resistance to microdamage following PTH
(1-34) treatment are not fully explained by bulk changes in bone mass
or geometry, but are a function of changes in the existing tissue com-
position. The correlation between tissue strength and perilacunar
composition represents a unique mechanism by which localized adap-
tation can influence tissue strength.

Treating mature mice intermittently with PTH(1-34) for only 3-
weeks demonstrated a unique capacity to increase tissue strength
without requiring significant changes in bone mass or geometry. On
average, PTH(1-34) increased tissue strength by 12% and increased the
stiffness and modulus by 22% (Table 1). In contrast, cortical area in-
creased by 7% in response to PTH(1-34), while the moment of inertia
and distance to the neutral axis under bending increased by 5% and 3%
respectively. None of these increases were statistically significant.
Changes in cortical area and cross-sectional geometry equal to those
incurred in response to PTH(1-34) treatment would then only account
for an 8% increase in the applied stress for a given bending load. Thus,
the gains in tissue strength were considered driven, at least in part, by

Table 1
Mouse body weights, structural geometry, histomorphometry, and mechanical
properties of the tibia in response to vehicle and PTH(1-34) treatments.

Vehicle
Mean (sem)

PTH(1-34)
Mean (sem)

Change in body weight (gm) 26.1 (1.5) 26.5 (1.5)
Geometric properties
Cortical area (mm2) 0.73 (0.02) 0.79 (0.02)
MOIM/L (mm4) 0.09 (0.01) 0.09 (0.01)
MOIA/P (mm4) 0.16 (0.01) 0.18 (0.01)
Distance to neutral axis (mm) 0.60 (0.02) 0.62 (0.01)
Bone mineral density (mg/cm2) 1201 (10) 1202 (12)
Bone mineral content (mg) 147.6 (4.7) 158.8 (5.3)

Histomorphometry
MS/BS (μm/μm)⁎⁎ 0.098 (0.012) 0.240 (0.040)
MAR (μm/day) 1.02 (0.194) 1.07 (0.106)
BFR (μm/μm/day)⁎⁎ 0.085 (0.011) 0.290 (0.064)
New tissue (% of cortical area) 1.90 (0.01) 2.55 (0.01)

Structural-level properties
Yield load (N) 17.94 (0.9) 19.85 (1.2)
Yield displacement (mm) 269.1 (15.4) 237.1 (10.7)
Stiffness (N/mm)⁎⁎ 77.2 (6.11) 94.9 (5.15)
Ultimate load (N) 18.37 (0.7) 20.39 (1.3)
Post-yield displacement (mm) 110.2 (10.6) 160.7 (40.0)

Tissue-level properties
Yield stress (MPa)⁎ 180.7 (9.0) 203.3 (8.7)
Yield strain (MPa)⁎⁎ 21,910 (1199) 19,072 (384)
Modulus (GPa)⁎⁎ 9.46 (0.56) 12.02 (0.33)
Ultimate stress (MPa)⁎⁎ 184.8 (7.5) 208.6 (8.0)

⁎ p-Value < 0.1.
⁎⁎ p-Value < 0.05.

Fig. 2. Micrographs of a representative tibia show greater double labeling along the endosteum and periosteum following 3-weeks of intermittent PTH(1-34)
treatment, yet no significant change in cortical area or moment of inertia. Scale bar is 250 μm.
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changes in the existing tissue or the type of tissue formed along the
surfaces in response to PTH(1-34).

Within the existing tissue, intermittent PTH(1-34) treatment caused
a significant decrease in perilacunar mineral-to-matrix ratio, while
decreasing the carbonate-to-phosphate ratio and crystallinity across
both perilacunar and non-perilacunar regions. Based on our findings,
the variation in tissue strength was in part explained by changes in
perilacunar composition. In particular, a decrease in both mineral-to-
matrix ratio and carbonate-to-phosphate ratio correlated with an

increase in tissue strength and modulus (Fig. 4). The inverse relation-
ship between tissue strength and carbonate-to-phosphate ratio is con-
sistent with clinical findings where reduced tissue strength among older
adults and individuals with osteoporosis is characterized by increased
carbonate-to-phosphate ratio [17,18,31–35]. Less carbonate substitu-
tion into the mineral produces fewer vacancies in the lattice structure
that would compromise tissue strength. In general, the fewer vacancies
and imperfections within the lattice structure created by carbonate
substitution would increase the crystallinity. However, crystallinity is
also a function of the crystallite dimension and its length along the c-
axis [31,36]. As a result, the impact of carbonate substitution on
crystallinity can be offset due to changes in crystallite growth. This has
been shown to occur with aging, where both carbonate substitution as
well as crystal size along the c-axis increase, and together explain a lack
of change in crystallinity [31,37–39]. Based on our findings, the de-
crease in crystallinity following PTH(1-34) is considered more a func-
tion of changes in the crystallite size than the decrease in carbonate
substitution. Given that PTH induces expression of various non-col-
lagenous proteins that reduce mineral growth and maturation, differ-
ences in crystal size would not be unexpected between treated and non-
treated groups [40]. Modifications to both carbonate substitution and
crystallinity across both perilacunar and non-perilacunar tissue tells us
that the effects of PTH(1-34) are not limited to only new tissue being
deposited or existing tissue exposed to active cells.

Fig. 3. Microdamage following cyclic loading was significantly reduced by PTH(1-34) treatment. The crack density (A), linear crack length (B), and diffuse damage
density (C) were quantified in both non-fatigued and fatigued limbs. In vehicle treated samples, fatigue loading significantly increased crack density, but this increase
did not occur in the PTH(1-34) treated group. Treatment had a main effect on linear crack density and length and the diffuse damage density. Significant main factor
effects are noted for treatment (*T), fatigue (*F), and their interaction (*TxF). Tukey post hoc analysis of specific group differences with a p-value < 0.05 are noted
by ‘a’ for loaded vs. non-loaded comparisons, and ‘b’ for vehicle vs. PTH(1-34) comparisons. Mean ± sem are shown (n= 7).

Table 2
Pearson's correlation coefficients between whole bone mechanics and the tissue
composition metrics of perilacunar and non-perilacunar regions.

Perilacunar Non-perilacunar

Mineral-to-
matrix

Carbonate-to-
phosphate

Mineral-to-
matrix

Carbonate-to-
phosphate

Yield stress −0.462⁎⁎ −0.496⁎ 0.019 0.035
Yield strain 0.503⁎⁎ 0.175 0.445 0.067
Modulus −0.515⁎⁎ −0.464⁎ −0.220 −0.076
Ultimate

stress
−0.441⁎ −0.519⁎⁎ 0.022 −0.148

⁎ p-Value < 0.1.
⁎⁎ p-Value < 0.05.

Fig. 4. The perilacunar mineral-to-matrix ratio
and carbonate-to-phosphate ratio correlated
with tissue-level strength, yield stress and ulti-
mate stress respectively. A) The perilacunar
mineral-to-matrix ratio exhibited a significant
relationship with yield stress, indicating that a
loss in mineral-to-matrix ratio at the lacuna wall
corresponds with gains in tissue strength. B) The
perilacunar carbonate-to-phosphate ratio dis-
played a significant negative relationship with
ultimate stress.
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Contrary to expectation, our findings also demonstrated an inverse
relationship between the perilacunar mineral-to-matrix ratio and tissue
strength. However, it's unclear if the decrease in mineral-to-matrix ratio
due to PTH(1-34) was due to mineral being removed from the tissue, or
the deposition of new matrix to replace that previously removed to
enlarge the lacuna void. Considering that lacuna size increased in re-
sponse to PTH(1-34), we suspect mineral is being removed in response
to intermittent PTH(1-34). In either case, a decrease in perilacunar
mineral-to-matrix ratio indicates a more compliant tissue. The corre-
sponding increase in tissue strength as the perilacunar tissue becomes
more compliant is then likely a function of the resulting difference
between perilacunar and non-perilacunar composition. Differences be-
tween perilacunar and non-perilacunar composition would allow a
greater degree of energy to be dissipated throughout tissue under
loading. Conversely, bone in which the mineral-to-matrix ratio is more
homogenous has a greater fracture risk [31,41,42]. The increasing
difference between perilacunar and non-perilacunar mineral-to-matrix
ratio following PTH(1-34) treatment would also explain the increased
resistance to microdamage during fatigue loading. Spatial variations in
tissue composition play a key role in crack formation and propagation
through bone [43,44]. Several studies have found that micro-cracks and
microdamage originate at the lacuna wall [45–48]. Thus, by producing
a more compliant tissue at the lacuna wall, more energy is allowed to
dissipate under loading, resulting in greater resistance to microdamage
alongside an overall increase in tissue strength.

In addition to tissue strength, a more compliant perilacunar tissue
will also increase the degree of strain generated at the lacuna wall,
where osteocytes' interface with the extracellular matrix. Bonivtch et al.
(2007) reported that a more complaint perilacunar tissue increases the
local strain magnitudes; thus subjecting osteocytes to larger mechanical
stimuli under dynamic loading [49]. As a result, local changes in tissue
composition following PTH(1-34) treatment have the potential to en-
hance mechanotransduction indirectly by augmenting the mechanical
stimuli osteocytes experience during physical activity. This is consistent
with the additive effect PTH(1-34) treatment on bone adaptation during
in-vivo loading or treadmill exercise [50–52]. However, the additive
effect provided by PTH(1-34) treatment is readily considered a function
of PTH altering the cellular response to mechanical stimuli as well as its
down-stream activation of similar anabolic mechanisms [53,54].
Changes in tissue compliance have largely been ignored and warrant
further investigation regarding their impact on mechanotransduction.

Adaptation of the existing tissue was also accompanied by an in-
crease in mineralization along both endosteal and periosteal surfaces in
response to PTH(1-34). The increase in mineral apposition resulted in
an increased bone formation rate (Table 1). However, the increases in
MS/BS and BFR did not produce a significant increase in cortical area or
moment of inertia. Based on double labeling, PTH(1-34) treatment in-
creased the percentage of tissue undergoing mineralization by ~14%
(0.098 vs. 0.24, Table 1). Assuming an average of 650 lacuna/mm2 with
each lacuna averaging an elliptical cross-section 5 μm wide and 7 μm
long [55], the 14% increase in mineralizing surfaces in response to PTH
(1-34) is equivalent to the same surface area that 6% of the osteocytes
are exposed to. As a result, perilacunar adaptation over a small portion
of bone's cortex is likely to affect more surface area than that being
modified at the endosteum and periosteum. However, this does not
dismiss the possibility that the type of tissue formed along the surfaces
in response to PTH(1-34) may present differences in composition that
would influence tissue strength. In mice, tissue that is formed in re-
sponse to PTH(1-34) treatment exhibits a lower crystallinity, but similar
mineral-to-matrix ratio and carbonate-to-phosphate ratio as new tissue
formed under normal conditions [56]. Given that the percentage of new
tissue added in response to PTH(1-34) was not statistically greater than
vehicle controls, and combined with their expected similarities in
composition, the increase in bone strength was considered to more a
function of changes in the existing tissue.

The increased resistance to microdamage following PTH(1-34) is

consistent with previous reports in sheep [22,23]. However, in osteonal
bone, the formation and extension of micro-cracks are primarily dic-
tated by larger architectural structures, such as the haversian canals
and cement lines [30,48]. As a result, the use of larger animal models is
required to verify how perilacunar adaptation influences tissue strength
relative to the larger structures in osteonal bone. Despite this limitation,
our study demonstrates the potential for perilacunar adaptation to en-
hance tissue strength without requiring significant gains in bone mass,
which is difficult to invoke in aged or diseased patients. Another lim-
itation in this study is our lack of information regarding the matrix
phase, such as collagen crosslinking and protein composition (col-
lagenous and non-collagenous). Even with adequate resolution, the
amide I band contained too much noise to accurately identify the 1690
and 1660 peaks often associated with collagen cross-link maturation
[17,18]. At the cellular level, osteocytes expression of collagenous and
non-collagenous proteins in response to PTH can have significant im-
plications on the matrix structure or mineralization [57,58]. For ex-
ample, the presence of osteopontin or osteocalcin in the matrix phase
can have a large influence on the mechanical strength and toughness of
the matrix [59,60]. Overall, our findings warrant further investigation
to understand how PTH influences the perilacunar matrix composition,
as well as the composition localized around larger structures that may
also influence tissue strength and crack resistance.

In summary, our findings demonstrate that intermittent PTH(1-34)
treatment produces significant changes in both perilacunar and non-
perilacunar tissue composition. Furthermore, the corresponding in-
crease in tissue strength is explained by the shift in perilacunar tissue
composition. The negative relationship between perilacunar mineral-to-
matrix ratio and tissue strength suggests a unique mechanism by which
PTH(1-34) treatment allows more energy to be dissipated at the lacuna
wall under loading, thereby reducing the formation of microdamage
under fatigue loading. The shift in perilacunar composition also sug-
gests a potential mechanism by which PTH(1-34) amplifies mechanical
strain at the cellular interface of osteocytes, and thereby increasing
their potential response to dynamic loading. Overall, identifying
changes in tissue composition across localized regions plays a key role
in understanding the mechanisms that regulate bone strength and its
response to loading.
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