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Abstract

Current osteoporosis treatments improve bone mass by increasing net bone formation: anti-

resorptive drugs such as bisphosphonates block osteoclast activity, while anabolic agents such as 

parathyroid hormone (PTH) increase bone remodeling, with a greater effect on formation. 

Although these drugs are widely used, their role in modulating formation and resorption is not 

fully understood, due in part to technical limitations in the ability to longitudinally assess bone 

remodeling. Importantly, it is not known whether or not PTH-induced bone formation is 

independent of resorption, resulting in controversy over the effectiveness of combination therapies 

that use both PTH and an anti-resorptive. In this study, we developed a μCT-based, in vivo 

dynamic bone histomorphometry technique for rat tibiae, and applied this method to longitudinally 

track changes in bone resorption and formation as a result of treatment with alendronate (ALN), 

PTH, or combination therapy of both PTH and ALN (PTH+ALN). Correlations between our μCT-

based measures of bone formation and measures of bone formation based on calcein-labeled 

histology (r = 0.72 - 0.83) confirm the accuracy of this method. Bone remodeling parameters 

measured through μCT-based in vivo dynamic bone histomorphometry indicate an increased rate 

of bone formation in rats treated with PTH and PTH+ALN, together with a decrease in bone 

resorption measures in rats treated with ALN and PTH+ALN. These results were further 

supported by traditional histology-based measurements, suggesting that PTH was able to induce 

bone formation while bone resorption was suppressed.
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1. Introduction

The healthy human skeleton is continuously renewed via coupled and balanced bone 

remodeling. After menopause, the bone turnover rate accelerates, and bone remodeling is 

shifted toward a negative balance between bone formation and resorption, resulting in bone 

loss [1]. Current osteoporosis treatments include anti-catabolic agents, which reduce bone 

resorption [2, 3], and anabolic agents, which increase bone formation [4]. However, due to 

coupling of bone resorption and formation, drugs that inhibit resorption often also inhibit 

formation, and those that increase formation also increase resorption, thereby limiting their 

potential benefits [2-4]. Recent data suggest that intermittent parathyroid hormone (PTH) 

treatment, currently the only FDA-approved anabolic agent, may increase bone formation 

partly through a modeling-based mechanism (bone formation without prior resorption) [5-9]. 

Therefore, it has been hypothesized that combination therapy of PTH with an anti-catabolic 

agent could use this modeling-based pathway to concurrently activate new bone formation 

and block resorption, leading to improved bone quality. In support of this hypothesis, our 

recent study found that treatment with both PTH and alendronate (ALN), a bisphosphonate, 

resulted in an improved trabecular structure at the rat proximal tibia beyond what occurred 

with either treatment alone [10].

However, results from clinical and preclinical studies of combination therapy have been 

highly variable [11-21], and the ability of PTH treatment to stimulate bone formation while 

osteoclast resorption is inhibited, remains controversial. This is partly due to technical 

limitations in the ability to directly assess bone resorption and formation in a simultaneous 

and longitudinal manner. Although bone formation can be assessed using dynamic 

histomorphometry with double fluorochrome labeling, this technique is limited by its two-

dimensional, destructive nature and its inability to quantify bone resorption. To improve the 

quantification of bone remodeling, a three- dimensional (3D) dynamic histomorphometry 

method has been developed that can simultaneously identify bone formation and resorption 

sites [22-26]. This method gives highly precise morphological measurements of bone 

formation and can indirectly measure resorption cavities; however, its destructive nature 

makes it difficult to longitudinally monitor disease progression or drug effects over multiple 

time points.

The increased availability of in vivo micro-computed tomography (μCT) scanners allows the 

possibility of quantifying bone formation and resorption in a non-invasive, longitudinal 

manner. The ability to identify bone remodeling sites using in vivo μCT was first 

demonstrated by Waarsing et al., who used registered in vivo μCT images to investigate 

changes in trabecular microarchitecture and qualitatively identify regions of bone 

remodeling in the rat tibia [27]. More recently, Schulte et al. developed an innovative 

method to longitudinally assess trabecular bone formation and resorption in mouse caudal 
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vertebrae based on in vivo μCT images [28]. After registering longitudinal μCT scans from 

the same animal at two different time points, the two images are superimposed, allowing for 

measurement of bone remodeling. Resorption is identified as the bone areas only present in 

the earlier images, while bone formation is identified as the bone areas only present in the 

later scans. This technique provides accurate quantification of bone remodeling in mouse 

caudal vertebrae in models of post-menopausal osteoporosis [29] and mechanical loading 

[28, 30, 31].

Despite the utility of this technique in measuring bone remodeling in the caudal vertebra, the 

trabecular regions of the tibia, femur, and lumbar spine are more functionally relevant 

skeletal sites in rodent models of metabolic diseases and drug treatments, and are therefore 

more commonly used to study bone quality. . However, the unclosed growth plate and 

continuous skeletal growth in the long bones of adult mice and rats significantly affects bone 

geometry and size over time [27, 33-35]. Although trabecular bone undergoes minimal 

changes due to longitudinal growth, the dramatic changes that occur in the surrounding 

cortical bone morphology make it difficult to identify and precisely align the same 

trabecular bone regions in sequential μCT scans. For this reason, there is great need for a 

robust imaging technique that is able to quantitatively track long-bone trabecular remodeling 

in rodents.

The overall goal of this study was to develop a μCT-based, 3D in vivo dynamic bone 

histomorphometry technique that would allow us to longitudinally and simultaneously 

quantify changes in bone formation and resorption in rat tibiae as a result of treatment with 

ALN, PTH, and combination therapy of both PTH and ALN (PTH+ALN). We validated this 

novel approach through comparison with standard 2D dynamic bone histomorphometry and 

a serum resorption marker, and then applied this method to longitudinally track the short-

term responses of bone resorption and formation activities to treatment with ALN, PTH, or 

combination therapy. We hypothesized that adding ALN to PTH treatment would inhibit 

bone resorption while maintaining the elevated bone formation activities induced by PTH 

treatment, thus resulting in an additive, beneficial effect on trabecular bone.

2. Materials and Methods

2.1 Animals

A total of 37 three-month-old, female, Sprague Dawley rats were used in this study. Eight 

rats were excluded due to inadequate image quality caused by motion artifacts during in vivo 

μCT scans. The remaining 29 rats belonged to 4 treatment groups: PTH (PTH, n=10), 

alendronate (ALN, n=6), combined PTH and ALN (PTH+ALN, n=6) or vehicle (Veh, n=7). 

As described in [10], rats in the PTH and PTH+ALN groups were given daily subcutaneous 

injections of PTH (PTH (1-34), 60μg/kg/day dissolved in saline, Bachem, Bubendorf, 

Switzerland) starting on day 0 for a total of 12 days; rats in the ALN and PTH+ALN groups 

were given subcutaneous injections of alendronate (alendronate sodium trihydrate, 50 μg/kg, 

Sigma Aldrich, St. Louis, MO) every three days starting three days prior to day 0 (day -3) 

until day 12; and rats in the Veh group were given daily subcutaneous saline injections for 

12 days starting from day 0. All rats were sacrificed on day 12. All experiments were 

approved by the University of Pennsylvania Institutional Animal Care and Use Committee.
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2.2 In vivo μCT Scans

The right proximal tibia of each rat was scanned by μCT (vivaCT 40, Scanco Medical AG, 

Brüttisellen, Switzerland) on days 0 and 12 at 10.5 μm resolution. Rats treated with PTH and 

PTH+ALN received additional scans on days 4 and 8. A recent study has demonstrated 

protective effects of PTH treatment against radiation damage [36], and our previous study 

showed high rates of bone formation in rats treated with PTH despite having received 

additional scans [10]; thus it is expected that scans on days 4 and 8 had no detrimental 

effects. As described in [10] and [34], rats were anesthetized (4.0/1.75% isoflurane), and the 

right leg of each rat was inserted into a custom holder to ensure minimal movement during 

the scan. A 4 mm region of the tibia distal to the proximal growth plate was scanned at 10.5 

μm resulution, 55 keV energy, 145 μA intensity, 200 ms integration time, and 1000 

projections, using a 0.5mm Al filter and a standard, manufacturer-provided beam-hardening 

correction algorithm, resulting in a total scan time of about 20 minutes and approximate 

radiation dose of 0.307 Gy per scan. A subset of rats (n=18: PTH: 6, PTH+ALN: 5; ALN: 4, 

Veh: 3) was also scanned eight days prior to treatment (day -8) to allow for pretreatment 

measures.

2.3 Registration between Baseline and Follow-up Scans

For each rat, the day 0 and day 12 scans were aligned using linear, mutual-information-

based registration software (ITK, NLM) [34, 37]. For the subset of rats also scanned on day 

-8, the same trabecular volume was aligned in the scans made at day -8, day 0 and day 12 

(Fig. 1). This image registration scheme allowed the same volume of trabecular bone to be 

followed over time so that local instances of bone formation and resorption could be 

identified within the subvolume.

In each set of sequential images, trabeculae were aligned precisely using a three-step 

registration procedure: First, baseline (b, day 0) and follow-up (f, day 12) scans were 

registered to derive a transformation matrix T1 by aligning the cortical bone in each image. 

After this step, the two images (b and f1; f1 = T1f) were oriented approximately the same 

way, but, due to linear growth, the trabecular compartments were offset from each other [34] 

(Fig. 2A). To eliminate this offset, a landmark-initialized registration of the trabecular 

compartment (excluding the cortical bone) was performed to more precisely align the 

trabecular structures (Fig. 2B) and to derive a second transformation matrix T2. Finally, a 

146x146x96 voxel trabecular volume of interest (VOI) in the secondary spongiosa starting 

2.5 mm distal to the proximal growth plate and spanning to 3.5 mm distal to the growth plate 

was identified in the baseline scan and extracted from the two images (b and f2, f2 = T2f1), 

and was registered to align individual trabecular structures within the VOI. Therefore, a 

third transformation matrix T3 was derived. At each step, a visual inspection of the 

registration result was performed to prevent misalignment caused by local optima of the 

registration algorithm. Transformation matrices of the three, sequential registration steps 

were then combined to derive the overall transformation matrix T (T = T3T2T1.).

In the traditional image registration scheme, a transformation is applied to the follow-up 

image (moving image) to match with the baseline image (fixed image). However, 

transformation of an image inherently causes a certain amount of resampling error, resulting 
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in a difference in image quality between the fixed image and the moving image. In order to 

eliminate such a difference, we developed a new image registration scheme, where T was 

divided equally so that one half of the rotation, Ta was applied to the follow-up image (f) 
while the inverse of half of the rotation Tb (Tb = Ta

−) was applied to the baseline image (b). 

Thus, a single transformation was applied to both the baseline and follow-up images so that 

they were aligned in a new coordinate system. This technique minimized unequal 

resampling artifacts between scans (data not shown).

2.4 3D in vivo dynamic bone histomorphometry measurements

Registered and transformed images were Gaussian filtered (sigma=1.2, support=2) and a 

global threshold (545 mgHA/cm3, as determined based on previous data [10]) was applied to 

delineate bone voxels from the bone marrow and background. The resulting binarized 

images were then analyzed using a custom MATLAB script. Resorbed bone was defined as 

all bone voxels that were present at the first time point but absent at the second, while 

formed bone was defined as bone voxels that were present at the second time point, but 

absent at the first. This resulted in a map indicating the spatial locations of bone formation 

and resorption sites. To prevent the incorrect labeling of small regions of bone formation/

resorption due to slight registration errors or differences in segmentation caused by the 

partial volume effect, the surface layer of all bone formation and resorption areas was 

excluded from analysis. This minimized error and resulted in a more conservative measure 

of bone formation and resorption.

The resulting map of bone formation and resorption was then used to obtain 3D 

measurements of the volume, thickness, and surface area of bone remodeling sites. 

Specifically, measurements of bone formation were made analogously to standard dynamic 

bone histomorphometry and were calculated as follows:

(a)

(b)

(c)

Bone resorption was quantified similarly:

(d)

(e)
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(f)

Where surface area was quantified by extracting triangulated surfaces from the map of bone 

formation and resorption sites using a custom MATLAB script, and thickness was calculated 

through a distance transformation algorithm included in the scanner software (Scanco 

Medical). Accuracy of the in vivo dynamic histomorphometry measurements was 

determined by correlation to traditional dynamic histomorphometry (BFR/BS, MAR, 

MS/BS) and a serum resorption marker (TRAP).

2.5 2D static and dynamic bone histomorphometry

The right tibiae of a subset of rats (n=28: PTH: 8; PTH+ALN: 9; ALN: 5; Veh: 6) were 

harvested immediately after euthanasia on day 12. Tibiae were embedded in 

methylmethacrylate (MMA), and a Polycut-S motorized microtome (Reichert, Heidelberg, 

Germany) was used to cut 5 μm-thick sections for static histology. Sections were stained 

with Goldner's trichrome to allow for measurement of the number of osteoblasts (Ob.N/BS), 

number of osteoclasts (Oc.N/BS), osteoblast surface (Ob.S/BS), and osteoclast surface 

(Oc.S/BS) in the secondary spongiosa (2.0-5.0 mm below the growth plate).

Two days and nine days prior to sacrifice (days 3 and 10), 16 rats received subcutaneous 

injections of calcein (15 mg/kg, Sigma Aldrich, St. Louis, MO) to allow for histological 

measures of bone formation. 8 μm-thick sections were cut from the MMA-embedded tibiae 

and dynamic histomorphometry measurements of bone formation rate (BFR/BS), mineral 

apposition rate (MAR), and mineralizing surface (MS/BS) were made in the secondary 

spongiosa based on the calcein labels. The 3D in vivo dynamic histomorphometry 

measurements were then correlated with the standard 2D measurements for validation. All 

measurements were made using Bioquant Osteo Software (Bioquant Image Analysis, 

Nashville, TN). A qualitative comparison was also made between bone formation identified 

in each 2D histology section and the corresponding μCT cross-section. 2D histology slides 

and 3D μCT images were aligned through an image registration procedure where the MMA-

embedded bone (from which the histology cross-section had been cut) was scanned and 

registered to the in vivo μCT scan, allowing for identification of the precise cut-plane from 

which the 2D histology images had been generated.

2.6 Serum Biochemistry Analysis

At sacrifice, blood was collected via cardiac puncture for a subset of rats (n=3 in each 

group). The serum was removed and serum levels of the resorption marker TRAcP 5b 

(TRAP) were measured (RatTRAPTM Assay, Immunodiagnostic Systems, Scottsdale, AZ).

2.7 Micro Finite Element Analysis (μFEA)

Bone stiffness within each registered trabecular VOI was determined through micro-finite 

element analysis (μFEA). Each voxel in the registered, binarized subvolume was converted 

to an eight-node brick element, and bone tissue was modeled as an isotropic, linear elastic 

material with a Young's modulus (E) of 15 GPa and a Poisson's ratio of 0.3 [38]. A 0.01 mm 
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displacement was applied along the axial direction of the bone to model a uniaxial 

compression test, and the reaction force was calculated using an element-by-element pre-

conditioned conjugate gradient solver [39]. Trabecular bone stiffness was then calculated by 

dividing the reaction force by the applied displacement.

2.8 Statistical Analysis

Bone remodeling parameters based on 3D in vivo dynamic bone histomorphometry 

measured after 12 days of treatment were compared among the 4 treatment groups using 

analysis of variance (ANOVA). Additionally, for a subset of specimens, longitudinal 

comparisons were made to assess changes in bone remodeling parameters before and after 

treatment using a twoway, repeated-measures ANOVA, covaried by the baseline measures. 

Bonferroni corrections were applied to all post-hoc tests. Bone remodeling parameters 

measured based on 3D in vivo dynamic bone histomorphometry were correlated to bone 

formation measures made based on traditional, calcein-labeled histology, and to serum 

TRAP using linear regression. All statistical analyses were performed using NCSS 7.1.14 

(NCSS, LLC, Kaysville, UT). Statistical significance was defined as p<0.05, and error bars 

represent the standard error of the mean (SEM).

3. Results

3.1 3D registration and linear growth in rat tibiae

The registration process developed in this study resulted in an accurate alignment of 

trabeculae in the secondary spongiosa (Fig. 1). Although the rats used in this experiment 

were skeletally mature, they continued to experience linear growth due to the unclosed 

growth plate. As shown in Fig. 2, this resulted in distinct changes in cortical bone 

morphology. To exclude the effects of cortical bone growth, a VOI was selected that only 

included a trabecular subvolume.

3.2 Validation of 3D in vivo dynamic bone histomorphometry measurements

Although it is challenging to locate exactly the same cross-section from the 3D in vivo 

dynamic image and the 2D calcein-labeled histology slide due to their different slice 

thickness (10.5 μm vs. 8 μm), the 2D, calcein-labeled histology slides in general yielded a 

good agreement with the corresponding, registered slices from the 3D in vivo dynamic 

image for all 4 treatment groups (Fig. 3). Particularly, the endosteal bone formation 

identified through μCT very closely matches the double-labeled endosteal surface on the 

histology slides. Additionally, periosteal bone resorption identified through μCT agrees very 

closely with regions in the histology slide exhibiting a scalloped surface, which is indicative 

of bone resorption. Additionally, μCT-based measures of BFR/BS, MAR, and MS/BS 

correlated strongly with analogous measures based on traditional dynamic 

histomorphometry (r = 0.83, 0.72, and 0.78, respectively, Fig. 3). Because it is not possible 

to obtain quantitative measures of bone resorption through traditional dynamic 

histomorphometry, measurements of the serum resorption marker TRAP were used to assess 

the ability of in vivo dynamic bone histomorphometry to measure bone resorption. There 

was a strong correlation between μCT-based BRR/BS and serum TRAP (r = 0.94, Fig. 3).
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3.3 Cross-sectional comparison of bone structure and dynamic parameters in response to 
treatments

After 12 days of treatment, the bone volume fraction (BV/TV) of rats treated with PTH

+ALN was 83% greater than that of the Veh group and 50% greater than that of ALN-

treated rats (Fig. 4). Additionally, trabecular stiffness of rats treated with PTH+ALN was 

174% greater than that of Veh-treated rats.

BFR/BS was not significantly different between PTH- and PTH+ALN-treated rats and was 

also not significantly different between rats treated with ALN and those treated with Veh 

(Fig. 4). Rats treated with PTH showed 514% greater BFR/BS and rats treated with PTH

+ALN showed 602% greater BFR/BS than those treated with Veh. Additionally, rats treated 

with PTH+ALN had an 82% lower BRR/BS than those treated with Veh and 76% lower 

BRR/BS than those treated with PTH, while rats treated with ALN tended to have a 62% 

lower BRR/BS than Veh-treated rats (p=0.059). μCT-based measurements of MAR, MS/BS, 

MER, and ES/BS provide further insight into these differences in bone formation and 

resorption rates: Rats treated with PTH+ALN showed no significant difference in MAR and 

MS/BS from those treated with PTH, and there was no difference between Veh- and ALN-

treated rats in MAR and MS/BS. PTH-treated rats had a 41% greater MAR and 273% 

greater MS/BS than Veh-treated rats, and similarly, rats treated with PTH+ALN had a 37% 

greater MAR and 344% greater MS/BS than those treated with Veh. In contrast, rats treated 

with ALN and PTH+ALN had a 22% and 27% lower MER, respectively, than those treated 

with Veh, while the MER of PTH-treated rats was not significantly different from that of 

Veh-treated rats. PTH+ALN-treated rats had a 72% lower ES/BS than did rats treated with 

Veh and had a 56% lower ES/BS than those treated with PTH. Veh-treated rats had a greater 

ES/BS than all other treatment groups.

3.4 Longitudinal changes in bone structure and dynamic parameters in response to 
treatments

Standard measures of BV/TV and trabecular stiffness increased 28% and 49%, respectively, 

in rats treated with PTH, and BV/TV and trabecular stiffness underwent a 45% and 108% 

increase, respectively, in PTH+ALN-treated rats over the 12-day treatment period (Fig. 5). 

Rats treated with Veh and ALN, on the other hand, underwent no significant changes in 

BV/TV or trabecular stiffness over the treatment period (Fig. 5).

In addition to scans before and after treatment, a subset of rats was also scanned eight days 

prior to the start of treatment, allowing for a baseline measure of bone remodeling. This 

allowed for additional, longitudinal assessments of changes in bone remodeling in each rat 

(Fig. 5). In rats treated with PTH, BFR/BS increased 237% and MS/BS increased 190% as a 

result of treatment. Similarly, PTH+ALN-treated rats underwent a 331% increase in 

BFR/BS and a 277% increase in MS/BS. On the other hand, rats treated with Veh and ALN 

showed no significant change in BFR/BS or MS/BS over the treatment period. Meanwhile, 

rats treated with ALN and PTH+ALN showed a 66% and 81% decrease in BRR/BS, 

respectively, and rats treated with PTH+ALN had a 68% decrease in ES/BS, while Veh- and 

PTH-treated rats underwent no significant change in BRR/BS or ES/BS over time.. MER 

decreased over the course of the experiment for all treatment groups, and MAR decreased 
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35% in rats treated with Veh and ALN, and tended to undergo an 8% decrease in rats treated 

with PTH+ALN (p=0.067).

3.5 Cross-sectional Comparisons of 2D static and dynamic bone histomorphometry 
measurements in response to treatments

Traditional static bone histomorphometry indicates that PTH-treated rats had 69% greater 

Ob.N/BS than those treated with Veh and 170% greater Ob.N/BS than ALN-treated rats 

(Table 1). Additionally, Ob.N/BS tended to be 82% greater for rats treated with PTH+ALN 

than for those treated with ALN (p=0.095). Rats treated with PTH showed 107% greater 

Ob.S/BS, and rats treated with PTH+ALN showed 99% greater Ob.S/BS than those treated 

with Veh. There was no difference between PTH- and PTH+ALN-treated rats in Ob.S/BS, 

and similarly no significant different was found between Veh- and ALN-treated rats. Rats 

treated with ALN and PTH+ALN had 55% and 46% lower Oc.N/BS, respectively, than 

those treated with PTH, and rats treated with ALN tended to have 52% lower Oc.N/BS than 

Veh-treated rats (p=0.062). No significant differences among treatment groups were found 

in Oc.S/BS. Histology-based BFR/BS was 345% and 267% greater in rats treated with PTH 

and PTH+ALN, respectively, than in Veh-treated rats. Similarly, histology-based MAR and 

MS/BS were also greater for rats treated with PTH and PTH+ALN than for Veh- and ALN-

treated rats.

4. Discussion

The in vivo dynamic bone histomorphometry technique developed in this study allowed for a 

quantitative, longitudinal assessment of the effects of osteoporosis treatments on trabecular 

bone remodeling in rat long bones. The accuracy of this novel method was supported by the 

strong correlations between μCT-based and traditional measures of bone remodeling, and 

the qualitative agreement between μCT- and histology-based localization of bone formation 

sites (Fig. 3). Application of this technique resulted in a non-invasive, 3D evaluation of the 

bone formation and resorption events taking place as a result of treatment with PTH, ALN, 

or combined PTH+ALN. Additionally, the longitudinal nature of this method enables pre-

treatment measurements, allowing each rat to serve as its own control.

Similar to studies of trabecular remodeling in caudal vertebrae [28-31], the in vivo dynamic 

histomorphometry method described here results in longitudinal measures of both bone 

formation and resorption, allowing the bone modeling and remodeling mechanisms behind 

changes in trabecular structure to be investigated. Correlation coefficients between 

histology- and μCT-derived MAR and MS/BS were highly consistent between this study and 

that of Schulte et al. [28], indicating a similar accuracy relative to traditional dynamic 

histology. However, in contrast to previous studies of caudal vertebrae [28-31], the 

registration process utilized in this study was further complicated by the presence of linear 

growth in the tibia. Linear growth due to the unclosed growth plate makes it challenging to 

precisely align the trabecular compartment of rodent long bones, as the cortical and 

trabecular compartments do not grow in the same way [34, 35]. To our knowledge, there 

have been no previous μCT-based measurements of bone remodeling made in the trabecular 

compartment of long bones. Through our novel, three-step registration procedure, we were 
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able to delineate bone changes due to trabecular remodeling from those due to linear growth 

(Fig. 2). This resulted in a highly accurate, precise alignment of the trabecular structures, 

and made it possible to identify resorption and formation on the trabecular bone surfaces.

Qualitative comparison between the results of our μCT-based method and calcein-labeled 

histology indicates good spatial agreement between regions labeled as bone formation in the 

histology slides and in the μCT images, particularly on the endosteal surfaces of the bone 

(Fig 3). However, a direct comparison of individual trabeculae indicates that disparities in 

the trabecular bone formation identified through the two different methods do exist. This is 

caused in part by the difficulty in identifying the precise slice in the 3D μCT image stack 

that corresponds to the 2D histology cross-section, due to their different slice thicknesses 

(10.5 μm vs. 8 μm). However, good overall agreement between μCT- and histology-based 

identification of bone formation sites and good correlation between these two measures 

demonstrate that the in vivo dynamic bone histomorphometry technique provides a reliable 

overall assessment of bone formation within the subvolume.

Despite the high correlation between μCT- and histology-based measures of bone formation, 

μCT-based BFR/BS and MS/BS were consistently higher, and MAR was consistently lower, 

than corresponding histology-based measures. This was likely due to inherent differences in 

the way these measures were calculated. When calculated through our μCT-based method, 

each measure of bone formation is defined directly based on the 3D μCT volumes that are 

analyzed. In contrast, the traditional, histology-based method estimates all measurements 

based on a 2D cross-section of calcein labels that are injected at two discrete time points 

[40]. Histology-based MAR is based solely on the double-labeled surfaces, meaning that any 

bone formation occurring after the first calcein injection is not included in this measure of 

MAR. This could cause an over-estimate relative to μCT-based MAR, which measures the 

thickness of all bone formation sites, thus including newly formed, and therefore thinner, 

areas of bone formation. Similarly, histology-based MS/BS gives a higher weight to double-

labeled regions, whereas μCT-based MS/BS calculates the surface area of bone formation 

based on all regions of new bone. Thus μCT-based MS/BS is expected to be greater than that 

based on histology. Considering these discrepancies, it may be expected that μCT- and 

histology-based measures of bone formation have varying absolute values. However, the 

correlation between the measures indicates that the μCT-based method provides reliable 

quantification of bone remodeling.

Consistent with our previous findings [10], the current study showed an improved trabecular 

structure based on analysis of a trabecular sub-volume in rats treated with PTH and PTH

+ALN. This is supported by in vivo dynamic bone histomorphometry measurements, which 

show greater bone formation measures (BFR/BS, MAR, MS/BS) in all groups treated with 

PTH, together with lower bone resorption (BRR/BS, MER, ES/BS) in ALN-treated groups. 

These μCT-derived measures were further supported by measurements of osteoclast and 

osteoblast cell counts, and are in agreement with measures of bone formation based on 

calcein-labeled histomorphometry. Taken together, high rates of formation (as measured by 

BFR/BS, MAR, MS/BS, and Ob.S/BS) and concurrent low bone resorption (as measured by 

BRR/BS, MER, ES/BS, and Oc.N/BS) in PTH+ALN-treated rats indicate that the 

combination therapy has an additive effect on bone remodeling, as the combination 
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treatment group was the only group to show both elevated bone formation and low 

resorption. Additionally, the persistently elevated bone formation even in the presence of 

low bone resorption in rats treated with PTH+ALN suggests that PTH may act through a 

resorption-independent mechanism. This supports previous studies which have suggested 

that PTH induces modeling-based formation, bone formation without prior resorption [5-9], 

and provides insight into the mechanism behind the additive effect of combination therapy 

found in our previous study [10].

Earlier studies assessing the effect of PTH and anti-catabolic co-treatment on bone 

remodeling using traditional histology and serum formation and resorption markers have 

drawn various conclusions [7-9, 11, 12, 14, 15, 20, 41-44]. Multiple clinical and pre-clinical 

studies found that groups treated with PTH and ALN had lower levels of serum markers of 

both resorption and formation than those treated with PTH alone [9, 11, 14, 15, 41, 44]. In 

contrast to this, when investigating the co-treatment of PTH and anti-resorptive agents ALN 

and osteoprotegerin (OPG) in ovariectomized mice, Samadfam et al. [43] found that 

osteoblast number and activity were similar in mice treated with PTH and combination 

therapy of PTH+ALN, while osteoclast activity was reduced in PTH+ALN-treated mice as 

compared to those treated with PTH alone. Meanwhile, Ma et al. [42] found similar 

elevations in bone formation (BFR, MAR, activation frequency) in PTH-treated rats that had 

been pre-treated with ALN, Raloxifene, or estrogen compared to PTH-treated rats that had 

not received pre-treatment. Finally, using a unique fluorescent labeling regimen, Lindsay et 

al. [8] quantified remodeling- and modeling-based formation in patients following a one-

month treatment with PTH. Results from this study indicated a greater amount of modeling-

based bone formation in patients treated with PTH compared to controls, suggesting that 

PTH-induced bone formation may be partially uncoupled from prior resorption [8]. The 

wide variety of conclusions drawn by these studies may be due in part to variations in the 

duration of therapy, as the anabolic effects of PTH treatment are known to decrease with 

extended treatment times [45]. The design of the current study only consists of a 12-day 

treatment period for rats; thus it reflects early bone dynamic responses to PTH, ALN, and 

combination therapies.

The longitudinal design of this study allowed bone remodeling to be compared before and 

after treatment within the same rat (Fig. 1), providing direct assessment of the bone 

remodeling response to each treatment. Similar to the cross-sectional comparisons, 

longitudinal analyses again confirm the additive effect of combination therapy over 

monotherapy and again show an increase in bone formation with a concurrent decrease in 

bone resorption in PTH+ALN-treated rats. Although results follow consistent trends, 

longitudinal comparison of MAR and MER shows that both decrease over the course of the 

experiment in vehicle-treated rats. While this effect may be due to the natural slowing of 

bone turnover with growth, it may also be due to a limitation in the design of this study. 

Namely, bone remodeling was assessed over an 8-day period prior to treatment, while it was 

assessed over a 12-day period during treatment. Because of the finite resolution of the μCT 

image, it is possible that the difference in the thickness of bone remodeling sites after 8 vs. 

12 days is not measurable (i.e., thickness of bone formation or resorption occurring over a 4-

day period was lower than the resolution of the image). Therefore, when this thickness value 
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was divided by the number of days to obtain a measure of MAR and MER, it appeared as 

though the rate of mineral apposition or erosion decreased in the vehicle group. It is 

therefore recommended that the time between scans be kept consistent when using in vivo 

dynamic bone histomorphometry to obtain longitudinal measures of bone remodeling in 

future studies. However, all groups in this study were scanned following the same schedule; 

therefore, comparisons among treatment groups remain valid.

Another limitation of this study is the use of young, intact rats: although 3-month-old rats 

are skeletally mature, their relatively young age suggests that they may not be representative 

of an osteoporotic patient. Our ongoing follow-up study is to confirm the effects of PTH, 

ALN, and combination therapy on bone remodeling in an aged, ovariectomized rat model. 

Additionally, radiation exposure is a concern in any longitudinal, μCT-based study. 

However, the radiation dose was relatively low (about 0.307 Gy/scan), and was localized to 

the tibial metaphysis. Furthermore, it has been shown that weekly μCT scans have no 

adverse effect on the proximal tibiae of rats [10, 46], and PTH treatment has been 

demonstrated to exert a protective effect on bone [36], allowing for frequent scanning.

A unique strength of the current study is the application of a robust registration procedure 

that can delineate bone changes due to bone modeling (linear growth) and bone remodeling 

(local bone resorption and formation). For the purpose of this study, we only focused on the 

local changes on a fixed trabecular subvolume. However, newly generated bone tissue from 

the growth plate and the distance by which the existing bone tissue “flows away” from the 

growth plate can be interesting and important parameters for studies of bone modeling [47, 

48]Due to the fact that rodents have continuous longitudinal growth throughout their life, it 

should be noted that the rate at which the trabecular bone flows away from the growth plate 

limits the timespan over which a given trabecular volume of interest (VOI) can be followed. 

For example, 1-month-old rats have a proximal tibial growth rate as fast as 0.31 mm/day 

(unpublished data), making it difficult to trace a trabecular bone sub-volume for longer than 

a week. In contrast, the 3-month-old rats used in the current study have a much slower 

growth rate (1.99 mm proximal tibial growth over 10 weeks, equaling to 0.03 mm/day), thus 

allowing for a long-term longitudinal follow-up study.

Overall, this study developed and validated a novel, in vivo dynamic bone 

histomorphometry technique that allows longitudinal, 3D measurement of trabecular 

remodeling in long bones. Application of this technique provides tremendous potential for 

dissecting changes in bone remodeling induced by treatments and disease states. By tracking 

the effects of PTH, ALN, and combined PTH+ALN treatment on bone formation and 

resorption in rat tibiae, we demonstrated that rats treated with PTH+ALN exhibit both an 

increased bone formation and a decreased bone resorption rate, relative to vehicle-treated 

controls, suggesting that intermittent PTH may act partially through a modeling-based 

mechanism.
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Highlights

• A μCT-based, in vivo dynamic bone histomorphometry technique was 

developed to longitudinally quantify trabecular bone remodeling in rat tibiae.

• The μCT-based bone formation and resorption rate correlate highly with 

traditional measures of bone formation and resorption.

• Combination therapy of PTH and ALN increased bone formation while 

inhibiting resorption.

• Results suggest that bone's early response to PTH may follow a resorption-

independent pathway.
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Figure 1. 
Overview of the study design: Rats were scanned on days 0 and 12, and the 3D in vivo 

dynamic bone histomorphometry technique was applied to identify regions of bone 

formation (green) and resorption (red). A subset of rats was also scanned at day -8 to allow 

for a pre-treatment measure of bone remodeling.
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Figure 2. 
Images were aligned through a multi-step registration procedure: (A) Initial registration 

based on the cortex resulted in similar orientation of the two scans, but the same trabecular 

pattern (shaded yellow) was offset between the two images. (B) After a trabeculae-specific 

registration, the trabeculae were precisely aligned between the two scans, allowing the 

identification of bone present only in the day 0 image (red), bone present in the day 12 

image (green) and overlapped bone present in both images (yellow). This allowed the effects 

of trabecular remodeling within the representative VOI (outlined in black) to be delineated 

from those of linear growth.
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Figure 3. 
Validation of in vivo dynamic histomorphometry technique: Paired comparisons were made 

between regions of bone formation identified through (A) traditional calcein-labeled 

histology and (B) μCT-based in vivo dynamic bone histomorphometry. (C) A VOI from the 

μCT image was selected and (D) BFR/BS, MAR, MS/BS, and BRR/BS were calculated 

based on the μCT images and correlated with traditional dynamic histomorphometry and 

serum TRAP.
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Figure 4. 
Comparisons among treatment groups in (A) BV/TV, (B) trabecular stiffness, (C) BFR/BS, 

(D) BRR/BS, (E) MAR, (F) MER, (G) MS/BS, and (H) ES/BS. *: p<0.05
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Figure 5. 
Longitudinal changes in (A) BV/TV, (B) trabecular stiffness, (C) BFR/BS, (D) BRR/BS, (E) 

MAR, (F) MER, (G) MS/BS, and (H) ES/BS. *: p<0.05, #: p<0.1
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Table 1

Measurements based on traditional static and dynamic histology and serum marker TRAP. Values are shown 

as mean ± SEM.

VEH ALN PTH PTH+ALN

BFR/BS (μm3/μm2/day) 0.049 ± 0.012
c,d

0.052 ± 0.013
c,d

0.218 ± 0.019
a,b

0.180 ± 0.021
a,b

MAR (μm/day)
1.17 ± 0.15

c,d
1.35 ± 0.32

c,d
2.48 ± 0.15

a,b
2.11 ± 0.054

a,b

MS/BS (μm2/μm2) 0.040 ± 0.006
c,d

0.038 ± 0.001
c,d

0.088 ± 0.009
a,b

0.084 ± 0.009
a,b

TRAP (U/L) 2.29 ± 0.61
0.70 ± 0.20

c
3.60 ± 0.60

b,d
0.40 ±0.14

c

Ob.N/BS (1/μm2) 8.92 ± 0.66
c

5.58 ± 0.31
c

15.09 ± 1.37
a,b 10.15 ± 1.28

Oc.N/BS (1/μm2) 1.38 ± 0.11
0.66 ± 0.27

c
1.47 ± 0.15

b,d
0.80 ± 0.13

c

Ob.S/BS (μm2/μm2) 0.139 ± 0.010
c,d

0.132 ± 0.013
c,d

0.288 ± 0.029
a,b

0.277 ± 0.022
a,b

Oc.S/BS (μm2/μm2) 0.071 ± 0.008 0.056 ± 0.025 0.087 ± 0.008 0.060 ± 0.008

a
significantly different from VEH

b
significantly different from ALN

c
significantly different from PTH

d
significantly different from PTH+ALN, p<0.05
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