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 A B S T R A C T

Mineral imbalances in the body from chronic kidney disease can impact bone turnover and cause cortical bone 
loss. Synthetic salmon calcitonin is an FDA-approved treatment for bone fragility observed in diseases such as 
osteoporosis, and clinical trials have demonstrated a reduction in fractures compared to untreated individuals. 
This study documents the effects of calcitonin on cortical bone using an in vivo mouse model of chronic kidney 
disease. Serum BUN and PTH are reported. Calcitonin was found to impact at a dose of 50/IU/kg/day five 
times a week for five weeks. MicroCT was used to evaluate bone quantity measures, such as cortical porosity, 
thickness, bone area, and long bone structural geometric parameters. It was found that porosity, thickness, 
and bone geometry are affected by disease, but not by treatment at the specified regime. Small and wide-
angle x-ray scattering (SAXS and WAXS) was used to obtain the nanostructure of the mineral-collagen-water 
composite, including mineral dimensions, 𝐷-periodicity and collagen spacing. Data from thermogravimetric 
analysis (TgA) were used to quantify wt.% of the mineral, collagen, and bound water of each sample. Chronic 
kidney disease was found to decrease collagen spacing to increase mineral weight fractions, and to reduce 
loosely bound water. There were no changes from chronic kidney disease on the 𝐷-Periodicity. Treatment 
increased the weight percent of collagen, with no effect on other bone quality parameters.
. Introduction

Chronic kidney disease (CKD) deregulates calcium and phosphorus 
evels in the body, which directly affects bone turnover, altering the 
icrostructure and material properties of bone (Nickolas et al., 2013, 
008). The murine model for CKD has been well studied and used to 
ssess how disease progression affects cortical and trabecular bone, 
ith more cases of altered cortical bone reported (Zaloszyc et al., 
023). Elevated cortical porosity (Lau et al., 2013; McNerny et al., 
019; Metzger et al., 2022; Newman et al., 2023; Tippen et al., 2022) 
nd decreased cortical thickness (Lee et al., 2010; Heveran et al., 
016a, 2019; Moe et al., 2014; Newman et al., 2014) were reproduced 
ffects on bone impacted by CKD. These changes in microstructure are 
ssociated with increased bone fragility (Moe et al., 2014; Newman 
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et al., 2014; Heveran et al., 2016a, 2019; Surowiec et al., 2023). 
Previous studies have used cortical bone micro structure improvements 
as an indication of a treatments effect on CKD impaired bone (Moe 
et al., 2014; Swallow et al., 2022; Sharma et al., 2024; Chiu et al., 2022; 
Surowiec et al., 2024).

The material properties of cortical bone such as the quantity of 
the organic and inorganic phases (Currey, 1969; Battaglia et al., 2003; 
Lopez Franco et al., 2011; Rodriguez-Florez et al., 2015), structure and 
quality of the phases (Weiner and Wagner, 1998; Wagermaier et al., 
2015) and hydration levels (Surowiec et al., 2022), all work towards 
maintain mechanical stability. Previous studies have worked to identify 
the changes in bone quality from CKD, with results such as changes in 
collagen crosslinking (Iwasaki et al., 2011; Allen et al., 2015; Iwasaki 
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et al., 2015), hydration (Newman et al., 2014; Allen et al., 2015; 
Surowiec et al., 2023), and quality of the mineral matrix (Iwasaki et al., 
2015; Heveran et al., 2019).

Calcitonin (CAL) is a mild inhibitor of bone resorption and was an 
early-generation approach for treatment in postmenopausal osteoporo-
sis treatment to prevent reduction of bone mineral density (Chesnut 
et al., 2000; Henriksen et al., 2016). A previous ex vivo study using 
this CKD model had analyzed the treatment outcomes of CAL on CKD-
impacted cortical bone (Surowiec et al., 2023). Ex vivo exposure of 
CAL was reported to have increased the cortical matrix-bound water 
compared to vehicle-soaked bones, and this response was stronger in 
diseased bones than in native bones.

Using a CKD mouse model, the present study seeks to advance 
the understanding of the effects of CKD on bone quality. This study 
gives insights into the impacts of CAL on CKD-affected cortical bone 
quantity and quality (Iwasaki et al., 2011; Heveran et al., 2019; Metzger 
et al., 2020, 2022; Surowiec et al., 2023). We hypothesize that CAL 
improves key bone structural characteristics at the micro- and nano-
scales. Specifically, we ask if and how CAL treatment in healthy and 
CKD-affected mice:

• affects bone structure parameters as measured by 𝜇CT measure-
ments on femur bones;

• alters bone microstructure (cortical porosity and bone cross-
section properties) as computed from 𝜇CT data;

• modulates the nanostructure of the mineral, collagen-water as-
sembly as measured by small-angle x-ray scattering, and wide-
angle X-ray scattering ;

• changes bone tissue composition as deduced from thermogravi-
metric analysis;

2. Methods

2.1. Animals and study design

Protocols were approved by the Indiana University Indianapolis 
School of Science Institutional Animal Use and Care Committee. 15-
week-old male C57BL/6J mice (B6; JAX #000664; 𝑛 = 40) were ob-
tained from Jackson Laboratories (Bar Harbor, ME, USA). Animals were 
housed in groups of 3 to 5 per cage in an institutionally approved 
animal facility with 12-hour light/dark cycles, an average temperature 
of 70 ◦F, and access to food and water ad libitum. At 16 weeks of age, 
CKD was induced in a group of mice (𝑛 = 20) with a casein-based diet 
(0.9% phosphorus, 0.6% calcium) with 0.2% adenine. The remaining 
control littermates (𝑛 = 20) received a purified casein-based diet (0.9% 
phosphorus, 0.6% calcium) (Envigo Teklad Diets, Madison, WI, USA). 
After six weeks on the adenine-laced chow, the disease-affected cohort 
was switched to the control casein-based diet for four weeks (Metzger 
et al., 2020). Mice were monitored daily during the CKD induction 
phase and weighed weekly throughout the study. Starting at 26 weeks 
of age, a subset of the healthy- and disease-affected mice received 
subcutaneous injections of synthetic salmon calcitonin (Sigma-Aldrich, 
05 − 23 − 2401) at a dose of 50/IU/kg/day five times a week for five 
weeks. In summary, four groups of animals were present: (1) a group 
of healthy animals receiving no treatment (CON: 𝑛 = 10), (2) a group 
of healthy animals receiving CAL treatment (CON CAL: 𝑛 = 10), (3) a 
group of CKD-affected animals receiving no treatment (CKD: 𝑛 = 10), 
and (4) a group of CKD affected animals receiving CAL treatment 
(CKD CAL: 𝑛 = 9). At 31 weeks of age, mice were anesthetized using 
vaporized inhaled isoflurane and euthanized via cardiac exsanguina-
tion followed by cervical dislocation. Blood was collected, serum was 
isolated, and stored at −20 ◦C for serum biochemistries. Long bones 
were removed, cleaned of soft tissue, and frozen (−20 ◦C) wrapped in 
PBS-soaked gauze until further testing.
2 
2.2. Biochemistry characterization

Cardiac serum collected at euthanasia was assessed for blood urea 
nitrogen (BUN) and serum 1 to 84 parathyroid hormone (PTH). BUN 
was measured via colorimetric assay to assess the presence of kidney 
disease (BioAssay Systems, Hayward, CA, USA), and PTH was measured 
via ELISA (Immnotopics Quidel, San Diego, CA, USA). All samples were 
run as duplicates following the manufacturer’s dilutions and protocols.

2.3. X-ray micro computed tomography

The fresh-frozen right femora were scanned while hydrated using a 
nominal isotropic voxel size of 7.9 μm through an aluminum filter of 
0.5 mm (𝑉 = 59 kV, 𝐼 = 167 μA) with an angle step rotation of 0.7◦ and 
two frames averaged (SkyScan 1272, Bruker, Billerica, MA, USA). The 
scans were reconstructed (NRecon; Bruker) and rotated to a standard 
orientation (DataViewer; Bruker). Intracortical analysis was performed 
using a 0.1 mm region of interest at 50% of femur total length (proximal 
to distal). The cortical bone image was automatically segmented by 
applying a global threshold with a lower gray threshold (70) and an 
upper gray threshold (255), followed by a shrink wrap. The cortical 
bone region of interest was then evaluated (CTan; Bruker) for bone 
structure parameters: total area (T.Ar), cortical area (Ct.Ar), and corti-
cal thickness (Ct.Th). The microstructure of bone was characterized as 
cortical porosity (Ct.Po) and as bone area fraction (BA/TA=Ct.Ar/T.Ar). 
The cortical diameter CT.Dia is calculated by a thin-wall approximation 
such that 
Ct.Dia = Ct.Ar

𝜋Ct.Th (1)

The cross-section modulus of inertia (CSMI) is then given as 

CMSI = 𝜋
(

Ct.Dia
2

)3
Ct.Th (2)

Following scanning, femora were wrapped in PBS-soaked gauze and 
stored at −20 ◦C until SAXS/WAXS testing.

2.4. Small and wide angle scattering

For X-ray analysis, a smaller subset of samples from each group were 
taken from the freezer an hour before preparation and thawed at room 
temperature, CON (𝑛 = 3), CON CAL (𝑛 = 5), CKD (𝑛 = 7), and CKD CAL 
(𝑛 = 9). To prepare for the scan, femoral heads were removed, and the 
bone marrow was flushed out with PBS. Samples were then placed in a 
sample holder with 20 cells each 4 × 4 mm2 and sealed in Kapton tape 
(thickness 𝑡 = 0.14 mm). Two background cells containing Kapton tape 
only were included in the sample array, at the start and the end of a 
sample run. The sample chamber was kept under a vacuum (3.0 mbar).

X-ray measurements were completed using a SAXSpoint 2.0 instru-
ment (Anton Paar GmbH, Graz, Austria). The instrument was con-
figured with a Primux 100 𝜇 Cu 𝐾𝛼 microfocus X-ray source (𝜆 =
0.154 nm [8 keV]) with a beam diameter of 45 μm with pin collimation. 
The read-out was from a 2D hybrid photon counting detector (area: 
77.1 × 79.7 mm2, pixel array: 1, 028 × 1, 062, pixel size: 75 × 75 μm2, 
flux magnitude: 108 ph/s, maximum count rate: 3.8 × 106 ph/s/pixel, 
point spread function full-width half maximum (FWHM): 1 pixel). The 
maximum radiation dose was kept below 35 kGy, to ensure collagen 
integrity, using an acquisition time of 15 s divided between 3 frames 
for each measurement spot (Barth et al., 2010). For each femur, three 
spots were measured with a distance of 0.2 mm between spot centers 
to account for the beam size, and data were averaged. The sample-to-
detector distance for SAXS was 826 mm (0.005 ≤ 𝑞 ≤ 0.05,  Å−1) and for 
WAXS was 113 mm (0.5 ≤ 𝑞 ≤ 2.5, Å−1). After measurements, samples 
were wrapped in gauze soaked in PBS and placed back in the freezer 
(−4 ◦C) until TgA characterization.

Data reduction was performed with a Python code (Bush et al., 
2025). After reduction, 1D plots were analyzed in SasView (https:

https://www.sasview.org/
https://www.sasview.org/
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//www.sasview.org/). The thickness of the mineral platelets (𝑇 ) was 
determined following the method in Fratzl et al. (1992) and uses 
Porod’s scattering power law (∼ 𝑞−4) and the total scattering volume 
𝑄. Invariant and correlation functions were used to find 𝑄 and Porod 
constant, 𝐶𝑝, respectively (Butler and King, 2020; King et al., 2020): 

𝑇 = 4𝑄
𝜋𝐶𝑝

(3)

Meridional 𝐷-Periodicity was evaluated by applying a gaussian fit 
on the 3rd order bragg peak, where 𝑞 = 2𝜋𝑛∕𝐷 and 𝑛 = 3. A Lorentzian 
fit was applied to the mid-range values of 𝑞 (0.03 ≤ 𝑞 ≤ 0.14, Å−1) to 
model the spacing of collagen (𝜉𝑐𝑜𝑙) (Ornstein and Zernike, 1914): 

𝐼(𝑞) = 𝐴
1 + (𝑞𝜉𝑐𝑜𝑙)2

+ 𝐼𝐵𝑔 (4)

The applied scale factor (𝐴) and background (𝐼𝐵𝑔) are normalization 
factors for all Lorentzian fit models.

Mineral crystal dimensions were processed from WAXS measure-
ments. To find the mineral lattice spacing (𝑑) from the hydroxyapatite 
(002) peak (1.8 Å−1), the peak was fit with a Gaussian function. The 
peak center was used in Bragg’s law to find 𝑑. The standard deviation of 
the Gaussian function, 𝜎, was used to find the FWHM (𝛽) that satisfies 
the Scherrer equation. Then, the size of the mature crystal length along 
the c-axis, 𝐿, is obtained below: 
𝐿 = 𝐾𝜆

𝛽 cos (𝜃)
(5)

Here, 𝐾 is a shape factor (0.6 < 𝐾 < 1.0), and is assigned as 𝐾 = 0.9 as 
a common practice (Turunen et al., 2016).

2.5. Thermogravimetric analysis

The samples were thawed and blotted with KimWipe to remove 
excess PBS. The samples were subjected to thermographic analysis 
(TgA) (TGA 550, Waters TA Instruments, New Castle, DE, USA) at a 
temperature rate of 5 ◦C/min until a temperature of 𝑇𝑒 = 900 ◦C 
was reached. Data were processed numerically (OriginLab Corporation, 
Northampton, MA, USA) to obtain the first derivative of weight vs. tem-
perature. The first derivative curve was used to evaluate and identify 
critical temperature values and temperature ranges for specific mass 
loss domains. The first peak in the derivative curve, 𝑇1, represents the 
temperature at which the loss rate of water is maximum. Mass loss 
at 𝑇 < 𝑇1 (35 to 60 ◦C) is attributed to free water. All values are 
normalized to the wt.% of free water to ensure excess PBS is not falsely 
skewing the wt.% of other phases.

The second peak in the derivative curve, 𝑇2, (∼ 330 ◦C) represents 
the temperature at which the rate of organic matrix loss is a maximum. 
The midpoint temperature 𝑇12 is defined as 𝑇12 = 𝑇1 + (𝑇2 − 𝑇1)∕2. 
Mass loss associated with the temperature interval [𝑇1, 𝑇12] (∼ 170 to 
205 ◦C) is associated with the loss of loosely bound water. The organic 
matrix mass was determined to be any loss between the end of the 
water phase (𝑇12) to the final mass at 𝑇𝑒. The final mass is attributed 
to the mineral mass as it is the only crystalline hydroxyapatite left at 
900 ◦C (Rodriguez-Florez et al., 2015; Surowiec et al., 2022). Gaussian 
fits were applied to the water and organic matrix peaks to identify peak 
maxima. To describe the matrix quality (𝜙), the following equation was 
used: 
𝜙 = Mineral wt.%

Collagen wt.% + Bound Water wt.% (6)

2.6. Statistics

Statistical analysis was completed using the Python module stats-
models (Seabold and Perktold, 2010). Shapiro–Wilk normality tests 
were used to ensure that the groups could be used in a two-way 
ANOVA test for statistical significance between CON groups and CKD 
groups and to test the impact of treatment. For each outcome tested, 𝑝-
values are reported and tested against an alpha of 0.05. For interaction 
effect significance, a Tukey HSD test was performed after the two-way 
ANOVA.
3 
3. Results

3.1. Biochemistries

To confirm the presence of CKD, the serum levels of BUN and PTH 
were measured for each group. Shown in Fig.  1(a) and Table  1 healthy 
bone had lower BUN levels than diseased bone (Disease: 𝑝 < 0.001). 
The CON group had BUN levels of 34.42 ± 10.30 mg/dL compared 
to the CKD group with a level of 56.00 ± 4.52 mg/dL. There was no 
significance that calcitonin affected serum BUN concentration, neither 
in the CON CAL group (35.64±12.18 mg/dL) nor in the CKD CAL group 
(56.72±12.25 mg/dL). Differences in serum PTH levels were reported 
in healthy versus diseased bone, in Fig.  1(b) (Disease: 𝑝 < 0.001), 
with CON showing PTH levels of 426.92 ± 174.01 pg/mL and CKD of 
1063 ± 675.48 pg/mL. CAL did not affect serum PTH concentration as 
CON CAL had a value of 340.67 ± 170.83 pg/mL and CKD CAL a level 
of 907.65± 442.51 pg/mL. Changes in serum BUN and PTH indicate the 
successful induction of CKD.

3.2. X-ray micro computed tomography data

Representative micro-CT images of femur sections of all four bone 
conditions are given in Fig.  2. Data on Cortical 𝜇CT derived outcomes 
(T.Ar, Ct. Ar, Ct.Th) and bone geometric distribution (Ct.Po, BA/TA, 
CSMI) are given in Fig.  3 and in Table  2. The analysis found evidence 
that CKD reduces bone structure compared to healthy bone, i.e. ex-
pressed as T.Ar, Ct.Ar and Ct.Th. There was no evidence that CAL 
affected the respective parameters of bone structure.

Evaluation of cortical bone shows in Fig.  3(a) that T.Ar was signif-
icantly higher in healthy bone than disease bone (Disease: 𝑝 = 0.008). 
As reported in Table  2 CON had a T.Ar of 2.3 ± 0.17 mm2 and CKD 
had a T.Ar of 2.1 ± 0.17 mm2. The changes from treatment were not 
significant as seen in Fig.  3(a) and reported in Table  2, as CON CAL 
had a T.Ar of 2.3 ± 0.14 mm2 and CKD CAL a T.Ar of 2.1 ± 0.17 mm2. 
Disease is also shown to have a main effect on Ct.Ar, shown in Fig. 
3(b) (Disease: 𝑝 < 0.001). As reported in Table  2, CON had a Ct.Ar of 
0.94 ± 0.07 mm2 and CKD a Ct.Ar of 0.73 ± 0.06 mm2. There was no 
evidence of a change to Ct.Ar with CAL, seen in Fig.  3(b), as CON CAL 
had a Ct.Ar of 0.89±0.07 mm2 and CKD CAL had a Ct.Ar 0.73±0.06 mm2. 
The disease was shown in Fig.  3(c) to affect Ct.Th (Disease: 𝑝 < 0.001). 
Healthy CON had a Ct.Th of 0.17 ± 0.01 mm and CKD had a Ct.Th 
of 0.13 ± 0.02 mm. Treatment did not show any changes to Ct.Th as 
CON CAL had a Ct.Th of 0.17 ± 0.01 mm and CKD CAL had a Ct.Th of 
0.14 ± 0.01 mm.

The analysis of cortical geometry found evidence that CKD nega-
tively affects parameters compared to healthy bones, i.e. Ct.Po, BA/TA, 
CMSI. Shown in Fig.  3(d) CKD alters Ct.Po in comparison to CON 
(Disease: 𝑝 < 0.001). As reported in Table  2 CON had a Ct.Po of 
0.27 ± 0.11% while CKD had a Ct. Po of 1.49 ± 1.06%. This is an 18% 
increase in Ct.Po with disease. There was no evidence in the data that 
Ct.Po was affected by treatment, as CON CAL had a Ct.Po of 0.37±0.28% 
and CKD CAL had a Ct.Po of 1.01 ± 0.60%. As shown in Fig.  3(e), bone 
area fraction (BA/TA) was decreased in the CKD group versus CON 
(Disease: 𝑝 < 0.001), as CON has a BA/TA of 40 ± 2.2% and CKD a 
BA/TA of 32±4.7%. The effects of treatment were insignificant as CON 
CAL had a BA/TA of 39±2.5% and CKD CAL had a BA/TA of 35±2.4%. 
Data on bone section modulus CSMI in Fig.  3(f) reveal evidence of a 
reduction in CSMI in the CKD group in comparison to CON (Disease: 
𝑝 < 0.001), as CON had a CSMI of 0.35 ± 0.05 mm4 and CKD a CSMI of 
0.26 ± 0.06 mm4. Calcitonin did not affect the CSMI in either group as 
CON CAL had a CSMI of 0.33 ± 0.04 mm4 and CKD CAL had a CSMI of 
0.26 ± 0.04 mm4.

https://www.sasview.org/
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Fig. 1. Biochemical analysis: (a) Serum BUN concentration showing higher levels with CKD (Disease: 𝑝 < 0.001) ; (b) Serum PTH concentration showing higher 
levels with CKD (Disease: 𝑝 < 0.001).
Table 1
Means ± standard deviations for serum biochemistry for BUN [mg/dL] and PTH [pg/mL] in the control and diseased samples. 
Results of two-way ANOVA tests and post-hoc analysis.
 Serum CON CAL CKD CKD CAL Group Treatment Interaction 
 𝑛 = 10 𝑛 = 10 𝑛 = 10 𝑛 = 9  
 BUN 34.42 ± 10.30 35.64 ± 12.18 56.00 ± 4.52 56.72 ± 12.25 𝑝 < 0.001 𝑝 = 0.77 𝑝 = 0.94  
 PTH 426.92 ± 174.01 340.67 ± 170.83 1063.27 ± 675.48 907.65 ± 442.51 𝑝 < 0.001 𝑝 = 0.38 𝑝 = 0.80  
Fig. 2. Representative 𝜇-CT based section images for each experimental group: CKD (top left), CKD CAL (top right), CON (bottom left), and CON CAL (bottom 
right). The deterioration in cortical bone due to chronic kidney disease is noticeable between the CKD and CON groups on the left side of the image. T.Ar, Ct. 
Po, Ct.Ar and Ct.Th are all significantly lower in CKD (top left) than CON (bottom left) as measured by 𝜇-CT. There were no main effects measured from 𝜇-CT 
seen in the images of calcitonin-treated groups CKD CAL (top right) and CON CAL (bottom right).
3.3. Small and wide angle scattering data

Representative 1D SAXS and WAXS curves are shown in Fig.  4. The 
𝑞-ranges for the D-periodicity and Lorentz analysis are shown in the 
4 
top right and middle of the left columns, respectively. The plot in the 
bottom left represents the (002) peak of WAXS.

The mineral dimensions 𝑇 ,𝐿 and 𝐿∕𝑇 , reported in Table  3 and 
shown in Fig.  5, are not affected by CKD or treatment. As shown in 
Fig.  5(a), the CON group had a 𝑇  of 1.69±0.18 nm and CKD had a 𝑇  of 
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Fig. 3. Cortical 𝜇CT derived outcomes: (a) T.Ar [mm2] was higher in CON and reduced with CKD (Disease: 𝑝 < 0.008), (b) Ct.Ar [mm2] was higher in CON and 
reduced with CKD (Disease: 𝑝 < 0.001), (c) Ct.Th [mm] was higher in CON and reduced with CKD (Disease: 𝑝 < 0.001), (d) Ct.Po [%] was lower in CON and 
elevated with CKD (Disease: 𝑝 < 0.001), (e) BA/TA [%] was higher in CON and reduced with CKD (Disease: 𝑝 < 0.001), (f) CSMI [mm4] was higher in CON and 
reduced with CKD (Disease: 𝑝 < 0.001).
Table 2
Means ± standard deviations for 𝜇CT derived quantities: T.Ar [mm2], Ct.Ar [mm2], Ct.Th [mm]. Bone geometry parameters: 
Ct.Po [%], BA/TA [%], CSMI [mm4]. Results of two-way ANOVA tests and post-hoc analysis.
 Geometry CON CAL CKD CKD CAL Group Treatment Interaction 
 𝑛 = 10 𝑛 = 10 𝑛 = 10 𝑛 = 9  
 T.Ar 2.3 ± 0.17 2.3 ± 0.14 2.2 ± 0.24 2.1 ± 0.17 𝑝 = 0.008 𝑝 = 0.34 𝑝 = 0.80  
 Ct.Ar 0.94 ± 0.07 0.89 ± 0.07 0.70 ± 0.10 0.73 ± 0.06 𝑝 < 0.001 𝑝 = 0.59 𝑝 = 0.08  
 Ct.Th 0.17 ± 0.01 0.17 ± 0.01 0.13 ± 0.02 0.14 ± 0.01 𝑝 < 0.001 𝑝 = 0.77 𝑝 = 0.09  
 Ct.Po 0.27 ± 0.11 0.37 ± 0.28 1.49 ± 1.06 1.01 ± 0.60 𝑝 < 0.001 𝑝 = 0.38 𝑝 = 0.16  
 BA/TA 40 ± 2.2 39 ± 2.5 32 ± 4.7 35 ± 2.4 𝑝 < 0.001 𝑝 = 0.38 𝑝 = 0.08  
 CSMI 0.35 ± 0.05 0.33 ± 0.04 0.26 ± 0.06 0.26 ± 0.04 𝑝 < 0.001 𝑝 = 0.47 𝑝 = 0.41  
1.24±0.12 nm. For treated samples, CON CAL had a 𝑇  of 1.49±0.16 nm
while CKD CAL had a 𝑇  of 1.48 ± 0.34 nm. The length of the crystallite 
c axis, 𝐿, is shown in Fig.  5(b), CON was 34.3 ± 3.82 nm long while 
CKD was 34.2±5.71 nm. For the treated groups, CON CAL had a length 
of 35.9 ± 3.48 nm, and CKD CAL had a length of 36.5 ± 1.57 nm. The 
mineral platelet aspect ratio, 𝐿∕𝑇 , was calculated and reported in Fig. 
5(c), although there was no disease effect, CON had a 𝐿∕𝑇  of 22.8±2.8, 
and CKD had a 𝐿∕𝑇  of 29.0 ± 7.9. There was also no treatment effect 
for 𝐿∕𝑇 , CON CAL had a ratio of 26.3 ± 2.9, and CKD CAL had a ratio 
of 28.1 ± 6.9.

The arrangement of the mineralized collagen matrix was analyzed 
by SAXS and WAXS. The 𝐷-Periodicity was not affected by disease. The 
𝐷-Periodicity in CON was 65.9 ± 3.73 nm, and for CKD 65.1 ± 0.52 nm. 
Treatment had no effects on 𝐷-Periodicity, CON CAL 64.1 ± 1.98 nm
and CKD CAL 64.5 ± 1.50 nm. Collagen helix spacings 𝜉𝑐𝑜𝑙 are shown in 
Fig.  5(e) and reported in Table  3. Healthy CON had the largest spacing 
of 3.23 ± 0.14 nm while CKD had the lowest at 2.54 ± 0.22 nm (Disease: 
𝑝 = 0.003). Disease reduced the collagen spacing by approximately 22%. 
There was no evidence in the data that CAL affected this distance, as 
𝜉𝑐𝑜𝑙 of 3.27 ± 0.80 nm for CON CAL and 𝜉𝑐𝑜𝑙 of 2.70 ± 0.20 nm for CKD 
CAL.
5 
3.4. Thermogravimetric analysis data

Representative mass-temperature data from thermogravimetric ex-
periments are shown in Fig.  6, with the respective first derivatives to 
accurately assess the material removal temperature intervals.

The matrix components evaluated from the TgA experiments are 
summarized in Fig.  7 and reported in Table  4. Mineral ratios are seen 
in Fig.  7(a), showing that mineral wt.%, in the CON groups, differed 
from that in the CKD groups, CON had a ratio of 65.9 ± 3.0 wt.% 
and CKD a ratio of 67.8 ± 1.0 wt.% (Disease: 𝑝 < 0.001). However, 
CAL did not influence the mineral ratio as CON CAL had a ratio of 
64.6 ± 3.1 wt.%. and CKD CAL had a ratio of 68.2 ± 0.98 wt.%. The 
organic matrix ratios are shown in Fig.  7(b), and the main effects of 
CAL were reported. The organic matrix was unchanged by disease, CON 
had a wt.% of 21.6 ± 0.90 wt.% while CKD had a wt.% of 21.8 ± 0.72. 
There is evidence CAL increased the wt.% of the organic matrix for both 
CON vs. CON CAL and CKD vs. CKD CAL comparisons. The organic 
ratio for CON CAL was 22.7 ± 1.06 wt.% and for CKD CAL 23.0 ± 0.59
wt.% (Treatment: 𝑝 = 0.003). The disease affected the hydration states 
of the bound water in the CKD group. Healthy bone in Fig.  7(c) had 
a higher amount of bound water with 12.5 ± 3.53 wt.% while CKD 
had a wt.% of 10.3 ± 1.42 wt.% (Disease: 𝑝 = 0.003). There was no 



E. Montagnino et al. Bone Reports 27 (2025) 101880 
Fig. 4. 1D reduced SAXS 𝐼 − 𝑞 data representative of CON, CKD, CON CAL, and CKD CAL groups (left). Meridional peak fits for 𝐷-periodicity are represented 
in the top right, while Lorentz fits for collagen spacing are represented in the middle left plot. 1D reduced WAXS 𝐼 − 𝑞 data representative of CON, CKD, CON 
CAL, and CKD CAL groups normalized at the 1.8 Å−1 peak representing mineral crystallite dimensions is shown in the bottom left.
Fig. 5. SAXS and WAXS derived measured of the bone tissue nanostructure: (a) mineral platelet thickness 𝑇  [nm] was unchanged by CKD or CAL, (b) mineral 
platelet length 𝐿 [nm], (c) mineral platelet aspect ratio 𝐿∕𝑇  was unchanged by CKD or CAL, (d) 𝐷-Periodicity was unchanged with disease or treatment, (e) 
collagen helix spacing 𝜉𝑐𝑜𝑙 [nm] was higher in CON and reduced with CKD (Disease: 𝑝 = 0.003).
evidence that calcitonin altered the loosely-bound water wt.% in either 
the CAL 12.7 ± 3.76 wt.% or CKD CAL 8.88 ± 0.69 wt.%. Matrix quality, 
𝜙, was analyzed in order to evaluate the shift in the matrix composition 
with disease and treatment. This ratio was shown to be affected by 
disease, as mineral content increased with disease shown in Fig.  7(d) 
and reported in Table  4.
6 
4. Discussion

The results in this study are in line with previously reported out-
comes of CKD on the cortical bone mass. We saw elevated levels 
of cortical porosity, lower cortical area, and thinner cortical walls 
from the impacts of CKD. There were also alterations to the cortical 
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Fig. 6. Representative weight-temperature curves and respective first derivatives for CON, CKD, CON CAL, and CKD CAL. The first peak in the derivative curve 
represents the temperature at which the rate of loss of water is maximum, 𝑇1. Mass loss at 𝑇 < 𝑇1 (35 to 60 ◦C) is attributed to free water. The second peak in 
the derivative curve, 𝑇2, (∼330 ◦C) represents the temperature at which the rate of organic matrix loss is a maximum. The midpoint temperature 𝑇12 is associated 
with the loss of loosely bound water. The final mass is attributed to the mineral mass as it is the only crystalline hydroxyapatite left at 900 ◦C.

Fig. 7. TgA data: (a) mineral wt.% was lower in CON than in CKD groups (Disease: 𝑝 < 0.001); (b) organic wt.% was unchanged by disease and increased with 
CAL (Treatment: 𝑝 = 0.003) (c) Free and Loosely bound water wt.% was higher in CON than in CKD groups (Disease: 𝑝 = 0.003); (d) matrix quality, 𝜙, was 
impacted by both disease and treatment (Disease: 𝑝 < 0.001).
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Table 3
Means ± standard deviations for SAXS and WAXS model fit parameters: mineral platelet thickness 𝑇  [nm], mineral platelet 
length 𝐿 [nm], mineral platelet aspect ratio 𝐿∕𝑇 ; nanostructural 𝐷-Periodicity [nm], and collagen spacing 𝜉𝑐𝑜𝑙 [nm]. Results of 
the two-way ANOVA test and post-hoc analysis.
 Nanoscale Feature CON CAL CKD CKD CAL Group Treatment Interaction 
 𝑛 = 3 𝑛 = 5 𝑛 = 6 𝑛 = 9  
 𝑇 1.69 ± 0.18 1.49 ± 0.16 1.24 ± 0.12 1.48 ± 0.34 𝑝 = 0.11 𝑝 = 0.45 𝑝 = 0.07  
 𝐿 34.3 ± 3.82 35.9 ± 3.48 34.2 ± 5.71 36.5 ± 1.57 𝑝 = 0.43 𝑝 = 0.31 𝑝 = 0.82  
 𝐿∕𝑇 22.8 ± 2.8 26.3 ± 2.9 29.0 ± 7.9 28.1 ± 6.9 𝑝 = 0.21 𝑝 = 0.82 𝑝 = 0.46  
 𝐷 − 𝑝𝑒𝑟𝑖𝑜𝑑𝑖𝑐𝑖𝑡𝑦 65.9 ± 3.73 64.1 ± 1.98 65.1 ± 0.52 64.5 ± 1.50 𝑝 = 0.94 𝑝 = 0.21 𝑝 = 0.47  
 𝜉𝑐𝑜𝑙 3.23 ± 0.14 3.27 ± 0.80 2.54 ± 0.22 2.70 ± 0.20 𝑝 = 0.003 𝑝 = 0.44 𝑝 = 0.75  
Table 4
Means ± standard deviations for TgA results: Mineral [wt.%], Collagen [wt.%], Water [wt.%], and matrix quality, 𝜙 [%]. Results 
of the two-way ANOVA test and post-hoc analysis.
 Phase CON CAL CKD CKD CAL Group Treatment Interaction 
 𝑛 = 10 𝑛 = 10 𝑛 = 10 𝑛 = 9  
 Mineral 65.9 ± 3.0 64.6 ± 3.1 67.8 ± 0.98 68.2 ± 1.0 𝑝 = 0.001 𝑝 = 0.47 𝑝 = 0.27  
 Collagen 21.6 ± 0.90 22.7 ± 1.06 21.8 ± 0.72 23.0 ± 0.59 𝑝 = 0.38 𝑝 = 0.003 𝑝 = 0.95  
 Bound Water 12.5 ± 3.53 12.7 ± 3.76 10.34 ± 1.42 8.88 ± 0.69 𝑝 = 0.003 𝑝 = 0.55 𝑝 = 0.34  
 𝜙 1.95 ± 0.26 1.84 ± 0.24 2.14 ± 0.10 2.11 ± 0.10 𝑝 = 0.001 𝑝 = 0.48 𝑝 = 0.25  
geometry, as a lower moment of inertia was reported. Elevated cortical 
porosity (Lau et al., 2013; McNerny et al., 2019; Metzger et al., 2022; 
Newman et al., 2023; Tippen et al., 2022) and decreased cortical 
thickness (Lee et al., 2010; Heveran et al., 2016a, 2019; Moe et al., 
2014; Newman et al., 2014) and reduced cortical area (Newman et al., 
2014; Metzger et al., 2020; Tippen et al., 2022; Swallow et al., 2022; 
Newman et al., 2023; Moe et al., 2014) have all been reported as 
outcomes from CKD. These changes in cortical micro-architecture are 
associated with reduced overall mechanical properties (Surowiec et al., 
2023; Heveran et al., 2019; Newman et al., 2014). Lowered toughness 
and modulus were reported for CKD bone (Surowiec et al., 2023), 
toughness fell from ∼ 8 MPa in CON bone to a toughness of ∼ 3 to 4 
MPa in CKD bone. Modulus also decreased with CKD, from ∼ 2.5 GPa to 
∼ 1.5 GPa. Treatment with CAL had no statistical impact on improving 
the microstructure of bone. Although porosity was decreased in treated 
CKD bone, the variances were too large and CAL had the opposite effect 
in healthy bone to show a statistical change.

This study shows that the mineral wt.% in CKD increases compared 
to CON, as CON has a higher wt.% loosely bound water compared to 
CKD. The shift in hydration accentuates the mineral ratio in CKD bone. 
Prior studies of CKD (Allen et al., 2015; Iwasaki et al., 2011, 2015; Hev-
eran et al., 2016b, 2019) have also documented changes to hydration 
and mineral content. This study showed that in-vivo treatment with 
CAL increased the wt.% of the organic matrix. We reported CAL did 
not alter mineral wt.% or free and loosely bound water Table  4. Then, 
an increase in the organic matrix wt.% is likely associated with the 
increase in tightly bound water relative to total hydration in the bone, 
representing a net redistribution of water from loosely to tightly bound 
water. Ex vivo exposure to CAL (Surowiec et al., 2023) was shown 
to increase the cortical-bound water from CKD conditions, which is 
believed to play a role in increasing the toughness of CKD bone. Ex 
vivo exposure to CAL improved toughness in CKD bone to ∼ 8 MPa.

Here, we find a smaller linear distance between collagen domains 
in the CKD group than in the CON group, which could be a sign of 
collapsed collagen in CKD bone. We interpret the dimensional changes 
in nanoscale collagen domains to manifest as embrittlement, supporting 
the reported loss in toughness in CKD bone. The lack of hydration in 
the CKD bone compared to the healthy bone leads to a decrease in the 
water-to-mineral ratio. Compact collagen can reduce the interface for 
bound water. The reduced collagen-to-collagen spacing, 𝜉𝑐𝑜𝑙, suggests 
a decrease in the total volume in the organic matrix at the nanoscale 
compared to that in the CON group. The lack of alteration in the 
thickness or length of individual mineral platelets shows that there are 
no changes in the mineral quality, but mainly in the mineral-organic 
8 
arrangement at the nanoscale. We see no significant changes in the 𝐷-
Periodicity of CKD bone compared to that of the control. In a previous 
study (Heveran et al., 2019), in-situ tensile testing was performed using 
SAXS to analyze the changes in bone quality with CKD. It was shown 
that collagen % strain at the maximum applied strain on the tissue was 
greater in CKD bones than in healthy bones. Although the direct reason 
for the alteration of the collagen mechanics with CKD is unknown, 
reduced whole bone toughness, changes in collagen cross-linking, and 
mineral rearrangement were suggested.

Fig.  8 provides a schematic visualization of the bone characteristics 
from SAXS/WAXS data and the interpretation of the TgA measure-
ments.

Study limitations in the mouse model include the use of only male 
mice, cortical bone and not trabecular and, the consideration of only 
one dosage and treatment regime. These shortcomings restrain the 
ability to draw any conclusions regarding, gender and site specific 
effects by disease or treatment on the overall bone quantity. Insufficient 
biochemical data also limits the ability for any finite conclusion on 
calcitonin’s physiological mechanisms to alter or change bone turnover, 
based on analysis of serum biomarkers. The biochemical data pro-
vided is limited to showing that CKD had been induced. The lack 
of biomechanical data is another limitation, as we are only able to 
use findings from previous studies to narrowly understand how the 
outcomes from calcitonin could improve the fracture toughness in 
bone. Other limitations arise from the SAXS and WAXS measurements. 
Data collection is conducted under vacuum, with Kapton tape used 
to seal hydration in the sample. Multiple data fitting models were 
needed to interpret the structural changes between sample groups due 
to the similarity of mineral and collagen phases potentially leading to 
variances in the data that are greater than other techniques presented 
here. The difference in sample size for SAXS from the other techniques 
also impacted the ability to see changes between the control and CKD 
groups with statistical analysis.

5. Conclusion

This study sought to investigate the mechanisms by which calcitonin 
treatment affects long bones. Using the in vivo mouse model of chronic 
kidney disease, the effects of calcitonin at a specified dose on both 
healthy and diseased bone were investigated. The study leads to the 
following findings:

• Chronic Kidney Disease affects bone quantity (cortical area, cor-
tical thickness), cortical bone microstructure (cortical porosity), 
and cortical geometry (cross-section moment of inertia).

• Chronic kidney disease altered the collagen-mineral arrangement 
by reducing the nanoscale spacing between collagen fibers.
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Fig. 8. Bone nanostructure: mineral platelets, collagen, and free and loosely bound water are represented above in group CON, CKD, and CKD CAL groups to 
demonstrate the impact of disease and treatment on diseased bone. The corresponding lengths measured by SAXS are labeled. The matrix quality is shown in 
CKD to have a higher mineral ratio compared to the healthy bone (CON) and disease-treated bone (CKD CAL) by showing more mineral platelets in the diseased 
(CKD) schematic.
. 
• Chronic kidney disease shifts the quantity of each phase in the 
mineralized matrix. There is a reduction of free and loosely bound 
water, which increases the ratio of mineral and collagen.

• Calcitonin increases the ratio of the organic matrix in healthy and 
diseased bone.

• Calcitonin does not affect bone quantity, cortical microstructure, 
and cortical geometry.
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