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Abstract

Pregnancy, lactation, and weaning result in dramatic changes in maternal calcium metabolism. In 

particular, the increased calcium demand during lactation causes a substantial degree of maternal 

bone loss. This reproductive bone loss has been suggested to be largely reversible, as multiple 

clinical studies have found that parity and lactation history have no adverse effect on post-

menopausal fracture risk. However, the precise effects of pregnancy, lactation, and post-weaning 

recovery on maternal bone structure are not well understood. Our study aimed to address this 

question by longitudinally tracking changes in trabecular and cortical bone microarchitecture at 

the proximal tibia in rats throughout three cycles of pregnancy, lactation, and post-weaning using 

in vivo μCT. We found that the trabecular thickness underwent a reversible deterioration during 

pregnancy and lactation, which was fully recovered after weaning, while other parameters of 

trabecular microarchitecture (including trabecular number, spacing, connectivity density, and 

structure model index) underwent a more permanent deterioration which recovered minimally. 

Thus, pregnancy and lactation resulted in both transient and long-lasting alterations in trabecular 

microstructure. In the meantime, multiple reproductive cycles appeared to improve the robustness 

of cortical bone (resulting in an elevated cortical area and polar moment of inertia), as well as 

increase the proportion of the total load carried by the cortical bone at the proximal tibia. Taken 

together, changes in the cortical and trabecular compartments suggest that while rat tibial 

trabecular bone appears to be highly involved in maintaining calcium homeostasis during female 

reproduction, cortical bone adapts to increase its load-bearing capacity, allowing the overall 

mechanical function of the tibia to be maintained.
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1. Introduction

The fetal/infant bone growth that takes place during pregnancy and lactation causes 

significant changes in maternal calcium metabolism. This increased calcium demand is 

partially compensated by modified intestinal absorption and renal excretion. In particular, 

reports have indicated that during pregnancy the fetal calcium demand is largely met through 

a doubling of the intestinal absorption of calcium (1,2). However, despite these 

compensations, the maternal skeleton also forms an important source of calcium and 

therefore undergoes substantial bone loss during reproduction. Clinical studies have 

indicated small but significant reductions in bone mass following pregnancy, although the 

extent of pregnancy-related bone loss in women appears to be variable and may be 

dependent on dietary calcium intake (2,3). On the other hand, lactation induces dramatic 

bone loss, as the skeleton forms the main source of calcium during lactation (1,2). Over a 6-

month lactation period, women have been found to lose up to 5–7% of their bone mass (4,5), 

while rodents lose as much as 30% of bone mass during 3 weeks of lactation (6–8).

This reproductive bone loss undergoes a period of recovery following weaning. Rodent 

studies have indicated osteoclast apoptosis within 24–48 hours after weaning (9,10), which 

is accompanied by an increase in osteoblastic bone formation, as measured through dynamic 

histomorphometry (11–13). Additionally, recent studies have indicated that through 

reversible remodeling of the perilacunar spaces, osteocytes may also play a role in 

reproductive bone loss and recovery (14). Taken together, these post-weaning changes lead 

to a rapid accrual of bone, allowing reproductive bone loss to be largely recovered. Four 

weeks post-weaning, studies have shown a complete recovery of bone mass at the lumbar 

vertebra and a partial recovery at the tibia and femur in mice (6), thus indicating that the 

extent of reproductive bone loss and recovery may differ depending on the skeletal site (2,6).

Due to limitations with radiation exposure during pregnancy as well as difficulty in 

obtaining baseline scans in young, healthy women, few clinical studies have been able to 

precisely track the extent of bone recovery post-reproduction. A large number of studies 

have been performed that demonstrate no adverse effects of reproductive history on 

postmenopausal risk of fracture (15–21), and as a result of this, it is widely concluded that 

the effects of pregnancy and lactation are largely transient and that reproduction has minimal 

long-term adverse effects on bone strength or quality (2) However, to our knowledge there 

have been few longitudinal studies tracking the effects of reproduction on bone 

microstructure, and therefore the precise effects of pregnancy, lactation, and recovery post-

weaning on bone structure are not well understood. Our study aimed to address this question 

by longitudinally tracking changes in trabecular bone microarchitecture and cortical bone 

structure at the proximal tibia in rats through multiple reproductive cycles using in vivo μCT.

Based on the wide consensus in the literature that reproductive bone loss is at most a 

transient process which induces no long-term, adverse effects on bone health (2,15–21), we 
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initially hypothesized that reproduction would result in reversible trabecular bone loss, 

which would be fully recovered following weaning. Thus, our first objective was to assess 

the precise changes in trabecular microarchitecture occurring at the proximal tibia 

throughout one cycle of pregnancy, lactation, and weaning with high spatial and temporal 

resolution. Results of this investigation indicated a dramatic extent of lactation-associated 

bone loss, with a much lower rate of post-weaning recovery than expected. Because the 

female skeleton in many cases is able to withstand the metabolic challenges associated with 

not just one, but multiple cycles of pregnancy and lactation with no long-term adverse 

consequences (16,22), we next asked the question of how the skeleton, which is substantially 

altered following the first reproductive cycle, would respond to subsequent cycles of 

pregnancy and lactation. A recent clinical study suggested that a longer duration of lactation 

may result in a greater cross-sectional moment of inertia at the tibia (23). Thus, we 

hypothesized that cortical bone adaptations may be able to compensate for trabecular bone 

loss, allowing the overall mechanical function of the bone to be maintained. In the second 

portion of the study, we investigated the impact of three consecutive cycles of pregnancy, 

lactation, and weaning on maternal trabecular bone as well as cortical bone structure and 

FEA-derived whole bone stiffness at the tibia. Overall, results of this study suggest that 

while rat tibial trabecular bone plays a more important role in calcium homeostasis during 

female reproduction, cortical bone adapts to provide greater load-bearing capacity in order 

to maintain the overall mechanical function of the tibia.

2. Methods

2.1 Animal Protocol

All animal procedures were reviewed and approved by the University of Pennsylvania’s 

Institutional Animal Care and Use Committee. 24 female Sprague Dawley rats were 

purchased (Charles River) and allowed to acclimate for 1 month, until age 4–5 months. This 

age was chosen as the starting point of the experiment, as 4–5 month-old rats accurately 

model young adult bone, and undergo sufficiently low rates of longitudinal growth to allow 

precise tracking of trabecular and cortical bone structure (24). Rats were randomly assigned 

to 2 groups (n=12/group): reproductive and virgin. Reproductive rats underwent three 

complete reproductive cycles (first cycle: weeks 0–12 of the experiment, second cycle: 

weeks 12–21, third cycle: weeks 21–33). At week 0, rats were mated, and underwent a 3-

week pregnancy, followed by a 3-week lactation period. To ensure consistent suckling 

intensity, litter sizes were normalized to 8–9 pups/mother within 48 hours after birth. After 

weaning, all rats were allowed to recover for at least 6 weeks. Rats were then mated again, 

and underwent two subsequent cycles of pregnancy, lactation, and post-weaning recovery. 

During the second reproductive cycle, rats were allowed a 3-week post-weaning recovery 

period, as the greatest extent of recovery was found to take place during the first three weeks 

post-weaning. After the third cycle, rats underwent a 6-week recovery period. Two rats 

failed to become pregnant during the first reproductive cycle, and one rat died during the in 
vivo scan made at the end of the third lactation period (week 27), resulting in a final sample 

size of n=10 for all scans up to week 27 and n=9 for weeks 30 and 33 for the reproductive 

group. After completing 3 reproductive cycles, rats were followed for 3–5 months, and all 

rats were euthanized at age 14–19 months.
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Throughout the experiment, virgin rats were housed in standard conditions in groups of three 

rats per cage. Reproductive rats were housed in groups of three per cage during the 

pregnancy and post-weaning recovery periods, but were separated to one rat per cage during 

the last week of pregnancy and remained separated throughout lactation. Rats were fed a 

high-calcium diet (LabDiet 5001 Rodent Diet; 0.95% Ca). All experiments were performed 

in two batches, performed 11 months apart, with a final sample size of 4–5 reproductive rats 

and 6 virgin rats per batch. Experiments were performed unblinded.

2.2 μCT Scans

Starting at the first mating (week 0), the right proximal tibiae of all rats were scanned 

regularly at 10.5 μm voxel size using an in vivo μCT scanner (Scanco vivaCT40, Scanco 

Medical AG, Brüttisellen, Switzerland), with a radiation dosage of 0.639 Gy. During the first 

reproductive cycle (Cycle 1, weeks 0–12), rats were scanned weekly. Multiple studies have 

indicated that rats undergo minimal radiation damage during weekly scans (25,26). During 

the second and third cycles (Cycles 2 and 3, weeks 12–33), rats were scanned every three 

weeks, corresponding to the beginning of pregnancy, beginning of lactation, end of lactation, 

and middle and end of the post-weaning recovery. Virgin rats were scanned following the 

same schedule as the reproductive group. However, because the virgin rats underwent 

minimal changes in bone structure, fewer scans were analyzed during Cycle 1. For each in 
vivo scan, rats were anesthetized (4/2% isoflurane), and the right tibia was fixed using a 

custom holder (27). A 4.0 mm region of the proximal tibia located immediately below the 

growth plate was scanned at 10.5 μm resolution, with 200 ms integration time, 145 μA 

current, and 55 kVp energy, resulting in a total scan time of 20 minutes.

2.3 Image Registration

Sequential μCT scans obtained during the first reproductive cycle were registered to each 

other using a mutual-information-based, landmark-initialized, open-source registration 

toolkit (National Library of Medicine Insight Segmentation and Registration Toolkit) (28). 

The detailed methods have been published in our previous work (27,29). To track changes in 

trabecular bone microstructure during Cycle 1, a 2-mm-thick, trabecular VOI was identified 

in the week 12 scan (end of recovery after the first reproductive cycle) approximately 2.5 

mm distal to the growth plate, and was then traced back to all the other Cycle 1 scans with 

the help of the transformation matrices based on the registrations. This procedure ensures 

that the same trabecular volume of interest (VOI) of each rat was longitudinally monitored 

during the first reproductive cycle. All VOIs were visually inspected to confirm accurate 

identification of the same trabecular region at all time points during Cycle 1.

Due to the unclosed growth plate in rodent long bone, the secondary spongiosa, where 

trabecular bone is commonly analyzed, undergoes longitudinal growth and endochondral 

ossification throughout an adult rat’s life (24). Our previous study demonstrated a total of 

approximately 3.5 mm of bone growth in the proximal tibia from age 3 months to 20 months 

(24), making it impossible to trace the same VOI in the secondary spongiosa in rats over 3 

reproductive cycles. However, between ages 4.5 and 7.5 months (approximate length of the 

first reproductive cycle), rats only underwent ~1 mm of longitudinal growth, demonstrating 

that it is possible to track the same trabecular VOI throughout a single reproductive cycle. 
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Therefore, analysis of trabecular microstructure within the first reproductive cycle was 

performed within a registered VOI, to allow precise tracking of changes in trabecular 

microarchitecture, whereas evaluation of trabecular structure over the course of three 

reproductive cycles was performed within an unregistered, 2-mm thick trabecular region 

located a constant 2.5mm distal to the proximal tibial growth plate to ensure consistency of 

evaluations throughout the study. In addition, we also performed a separate analysis to 

evaluate changes in trabecular microarchitecture over Cycles 2 and 3 within a registered VOI 

(please see Supplement).

2.4 Trabecular Microstructural Analysis

The μCT images within each VOI were Gaussian filtered (sigma=1.2, support=2) and 

thresholded using a global threshold (corresponding to 544 mg HA/cm3), as determined 

through an adaptive thresholding algorithm provided by the scanner software. Trabecular 

bone structural parameters, including bone volume fraction (BV/TV), trabecular number 

(Tb.N), thickness (Tb.Th), and spacing (Tb.Sp), structure model index (SMI), and 

connectivity density (Conn.D) were measured for all rats (n=10 in reproductive group; n=12 

in virgin group). For each rat, the percent change from baseline was computed for all 

trabecular parameters except SMI, which ranges between −3 to 3. Normalized SMI was 

computed by subtracting the baseline SMI from all follow-up measurements for each rat.

2.5 Trabecular Dynamics Analysis

μCT images taken during Cycle 1 at the beginning of pregnancy, at parturition, at weaning, 

and at 3 and 6 weeks of post-weaning recovery were used to assess the effects of 

reproduction on the structural deterioration and repair of individual trabeculae as well as 

rates of bone formation/resorption. Each scan was registered to the scan made 3 weeks 

previously, as described in 2.3. Following this registration, a 1.5×1.5×1 mm trabecular 

subvolume located 1.5 mm distal to the growth plate was extracted from the two images, 

which underwent a final registration to ensure an optimized alignment of trabecular features 

within the subvolume (30,31). To minimize interpolation bias induced by the image 

transformation, the follow-up and baseline images were both rotated through the same angle 

using our recently developed, matched-angle transformation scheme (31,32). The registered 

images were then filtered (Gaussian filter, sigma=1.2, support=2) and thresholded using a 

global threshold corresponding to 544 mg HA/cm3.

The structural deterioration and repair of individual trabeculae occurring as a result of 

pregnancy, lactation, and post-weaning recovery were then measured in the precisely 

registered subvolumes through an individual trabecular dynamics (ITD) analysis, as 

described previously (30). Briefly, the trabecular rods and plates were isolated using 

individual trabecular segmentation (ITS) analysis (33), and the two registered subvolumes 

were compared to identify incidences of rod disconnection and plate perforation (measures 

of structural deterioration) and rod connection and plate perforation filling (measures of 

structural repair) (30).

Additionally, the bone formation and resorption rates were also measured based on the 

registered subvolumes. As described in (31), the registered, thresholded subvolumes were 
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subtracted from each other, and voxels of bone resorption were defined as voxels that were 

present in the scan made at the first time-point, but absent in scan made at the second time-

point, whereas bone formation was defined as voxels that were absent in the initial scan, but 

were present at the second time-point. Based on the resulting, three-dimensional (3D) map 

of bone (re)modeling, bone formation and resorption rates were calculated as follows:

Please see Supplement for additional μCT-based measurements of trabecular bone dynamics.

These localized structural and (re)modeling evaluations necessitate extremely high image 

quality. The first batch of rats showed reduced image quality in the in vivo scan made at the 

end of lactation (week 6), due to the deterioration of the μCT scanner X-ray tube at this time 

point. Scans were thoroughly tested, and image quality was found to be sufficient to allow 

for accurate measures of standard, bulk trabecular bone quality (described in 2.4), however, 

the signal-to-noise ratio was not high enough to allow accurate evaluation of localized 

changes in trabecular microstructure/(re)modeling. Therefore, the in vivo dynamics analyses 

were performed only for the second batch of rats (5 reproductive and 6 virgins).

2.6 Cortical Bone Analysis

Cortical bone structure was analyzed in a 50-slice region of the proximal tibia located ~3.5 

mm distal to the proximal growth plate over the course of 3 reproductive cycles for all rats 

(n=10 in reproductive group; n=12 in virgin group). During each cycle, measurements were 

made every 3 weeks: at the beginning of pregnancy, at parturition, at the end of lactation, 

and at 3 and 6 weeks post-weaning. Cortical bone was isolated using a semi-automated 

segmentation procedure similar to that described by Burghardt et al. (34), followed by 

application of a Gaussian filter (sigma=1.2, support=2) and global threshold corresponding 

to 709 mgHA/cm3. Cortical bone parameters, including cortical area (Ct.Area), cortical 

thickness (Ct.Th), polar moment of inertia (pMOI), tissue mineral density (TMD), periosteal 

perimeter (P.Perim), and endosteal perimeter (E.Perim), were measured using the μCT 

scanner software (Scanco Medical). Cortical porosity was not evaluated, due to the inability 

to accurately measure porosity at the in vivo resolution of 10.5 μm.

2.7 Micro-Finite Element Analysis (μFEA)

Whole-bone stiffness was computed for a 1-mm thick region of the proximal tibia located 

2.5 mm distal to the proximal growth plate for all rats (10 reproductive, 12 virgins) over the 

course of three reproductive cycles using a linear micro-finite element analysis (μFEA). 

Each μCT image was down-sampled by a factor of 1.5 (to a voxel size of 16 μm), the tibia 

was isolated from the fibula, and bone was segmented through application of a Gaussian 

filter (sigma=1.2, support=2), followed by a global threshold corresponding to 544 mg 
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HA/cm3. Finite element models were constructed by converting each bone voxel to an eight-

node brick element. Bone was then modeled as a linear elastic material with Young’s 

modulus of 15 GPa and Poisson’s ratio of 0.3 (35). An axial displacement of 0.01 mm was 

simulated, and the resulting reaction force was computed using a customized conjugate 

gradient solver, as described in (36). Whole-bone stiffness was calculated by dividing the 

reaction force by the displacement. Additionally, a load-share analysis was performed on 

μCT images taken at baseline and after 3 reproductive cycles in order to evaluate changes in 

the percentage of the load borne by the cortical and trabecular compartments. Briefly, the 

cortical bone at the proximal-most slice of the image stack undergoing μFEA, located 2.5 

mm distal to the proximal growth plate, was isolated using a custom MATLAB script. The 

reaction forces exerted by the cortical and trabecular compartments at this slice after 

application of a simulated 0.01 mm compression of the 1-mm thick image stack were then 

computed. The cortical load-share fraction was defined as the fraction of the total force 

borne by the cortical compartment.

2.8 Tibia growth rate

During each scan, the total tibia length was estimated based on 2-D radiographs provided by 

the μCT scanner (scout view images). Total longitudinal growth was derived by computing 

changes in tibia length over time.

2.9 Statistics

All results are presented as mean ± standard deviation (SD). Changes in trabecular and 

cortical microstructural parameters as well as whole-bone stiffness over the course of each 

reproductive cycle in virgin and reproductive rats were evaluated by examining the 

interaction effects resulting from two-way, repeated-measures analysis of variance 

(ANOVA), corrected for baseline measures. Bonferroni corrections were applied to all post 
hoc tests. Comparisons between the two groups (virgin vs. reproductive) at baseline as well 

as at the end of each reproductive cycle were made using Student’s T-tests. Due to 

differences in the time points assessed between reproductive and virgin rats, changes over 

time for the registered comparisons within Cycle 1 were evaluated separately for the 

reproductive group using a repeated-measures, one-way ANOVA.

Differences in bone formation/resorption and structural deterioration/repair during 

pregnancy, lactation, post-weaning, and in virgin rats were evaluated using one-way 

ANOVA, with Bonferroni post hoc corrections. Finally, comparisons of the cortical 

loadshare fraction in virgin vs. reproductive rats before and after 3 reproductive cycles were 

made using a 2-way, repeated-measures ANOVA, covaried by baseline values, with 

Bonferroni post hoc corrections.

P-values less than 0.05 were considered significant, while p-values below 0.1 are reported as 

a trend of difference with the specific p-value provided.
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3. Results

3.1 Changes in trabecular microstructure during the first reproductive cycle

At baseline (age 4–5 months) rats weighed 293 ± 23 g and had trabecular BV/TV, Tb.Th, 

Tb.N, Tb.Sp, SMI, and Conn.D of 0.34, 0.081 mm, 5.51 mm−1, 0.164 mm, 1.03, and 154 

mm−3, respectively at the proximal tibia. There were no differences in baseline measures of 

trabecular microarchitecture between the reproductive and virgin groups. Virgin rats 

underwent no changes in any trabecular parameters during the experiment (Figure 1). On the 

other hand, in the reproductive rats, all parameters measured underwent dramatic changes 

over the course of Cycle 1 (Figure 1). BV/TV, Tb.Th, Tb.N, SMI, and Conn.D did not 

change during the first two weeks of pregnancy, but began to change rapidly during the third 

week of pregnancy (third trimester). At parturition, BV/TV, Tb.Th, Tb.N, and Conn.D were 

42%, 12%, 21% and 51% lower than at baseline, respectively. SMI was significantly 

elevated relative to baseline. Trabecular microarchitecture continued to decline steadily 

throughout the lactation period, and at the end of lactation, BV/TV, Tb.Th, Tb.N, and 

Conn.D were 85%, 33%, 59%, and 90% below their baseline values, while Tb.Sp had 

increased to 227% above baseline and SMI was 1.86 above baseline.

The extent of recovery following weaning was highly variable for the different trabecular 

parameters. BV/TV increased gradually after weaning, and 6 weeks after weaning, BV/TV 

was 131% greater than at the end of lactation. However, at the end of the recovery period, 

the BV/TV remained 67% lower than it was at baseline, and at the end of the first 

reproductive cycle, BV/TV of the reproductive rats was 64% lower than that of virgin rats at 

the same time point. In contrast to BV/TV, Tb.N, Tb.Sp, SMI, and Conn.D did not recover 

after weaning, as at 6 weeks post-weaning, none of these parameters were significantly 

different from the end of lactation. At the end of recovery, Tb.Sp remained 190% above 

baseline and SMI remained elevated over baseline by 1.42, while Tb.N and Conn.D 

remained 56% and 83% below baseline, respectively. Finally, in contrast to all other 

measures, Tb.Th recovered fully during the 6-week post-weaning period, as at the end of 

recovery, Tb.Th was not different from baseline and was not different between reproductive 

and age-matched virgin rats.

3.2 Effects of reproduction on trabecular dynamics during the first reproductive cycle

During pregnancy, BRR/BS was significantly elevated in the reproductive rats (406% greater 

than virgins; Figure 2B). BRR/BS further increased to 737% greater than virgin rats during 

the lactation period. Meanwhile, during both pregnancy and lactation, BFR/BS remained 

similar to virgin rats. After weaning, BRR/BS in the reproductive rats dropped by 89% to 

similar levels as virgin rats, and remained low. In contrast, during the first three weeks of the 

post-weaning recovery, BFR/BS increased to 1016% greater than virgins (Figure 2C). 

BFR/BS then declined significantly by 67% during the second recovery phase, correlating 

with the plateau in BV/TV that was observed after the first three weeks of recovery.

ITD-based measurements of structural deterioration and repair followed similar trends to in 
vivo dynamic bone histomorphometry measurements (Figure 2 D,E). Reproductive rats had 

a 266% and 194% elevated rate of structural deterioration (measured as the number of 
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incidences of trabecular plate perforation and rod disconnection per mm3) during pregnancy 

and lactation, respectively, as compared to virgins. This elevation in structural deterioration 

rate was largely due to increases in rod disconnection, as rod disconnections constituted an 

average of 83% of instances of structural deterioration during the pregnancy and lactation 

periods. After weaning, the rate of structural deterioration decreased by 93%, and remained 

low throughout the post-weaning recovery period. Reproductive rats showed low rates of 

structural repair (defined as the number of incidences of plate perforation filling and rod 

connection per mm3) during both pregnancy and lactation, similar to virgin rats. Rates of 

structural repair were then elevated over the first half of post-weaning recovery (1475% 

greater than during lactation). A majority of 86% of the instances of structural repair during 

the first three weeks post-weaning occurred as a result of rod connection, whereas plate 

perforation filling constituted on average 14% of instances of structural repair. The rate of 

structural repair then declined back to baseline levels during the second half of the post-

weaning period.

3.3 Cumulative changes in trabecular microstructure over three repeated reproductive 
cycles

Evaluation of trabecular microstructure over the course of three consecutive cycles of 

pregnancy, lactation, and post-weaning recovery indicates significant variations in the extent 

of trabecular deterioration over the different reproductive cycles (Figure 3). As described in 

3.1, during the pregnancy of the first reproductive cycle, BV/TV, SMI, and Conn.D all 

underwent a dramatic deterioration. On the other hand, reproductive rats underwent no 

significant changes in any trabecular parameters during the pregnancy phase of the second 

and third cycles.

In addition to variations in the extent of pregnancy-induced bone loss, the amount of bone 

loss taking place during lactation also varied depending on the reproductive cycle. 

Reproductive rats underwent 39–73% declines in BV/TV and 17–22% reductions in Tb.Th 

during the lactation phase of all three reproductive cycles. However, while the SMI increased 

by 0.58 and Conn.D decreased by 79% during lactation of the first reproductive cycle, 

neither parameter underwent significant changes during the lactation phase of subsequent 

cycles. Additionally, Tb.N underwent a dramatic, 49% reduction and Tb.Sp underwent a 

substantial 125% increase during the first lactation, but neither parameter underwent 

significant changes during the lactation phase of the second reproductive cycle, and Tb.N 

decreased by only 19% while Tb.Sp increased by only 22%, during the third lactation.

Post-weaning recovery appeared to be fairly consistent among the different reproductive 

cycles. Parameters that underwent minimal recovery (Tb.N, Tb.Sp, SMI, and Conn.D) 

during the first reproductive cycle also did not show substantial improvement during the 

post-weaning phase of subsequent cycles. BV/TV, which recovered partially after weaning 

during the first reproductive cycle, also showed a partial post-weaning recovery after Cycles 

2 and 3. Although there was no significant increase between BV/TV at the end of the second 

lactation and BV/TV at the end of the second weaning phase (weeks 18 and 21), the BV/TV 

at the end of the second weaning phase (week 21) was no longer significantly different from 

that at the beginning of the second cycle (week 12), indicating at least a partial recovery 
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during this cycle. Finally, Tb.Th, which showed a full recovery at the end of the first 

reproductive cycle, also underwent a complete recovery following Cycle 2, and, after Cycle 

3, the Tb.Th even recovered to values 10% higher than those found prior to the third 

pregnancy. Over the same time period corresponding to the three reproductive cycles, virgin 

rats showed no significant changes in any trabecular parameters.

Cumulatively, three reproductive cycles resulted in dramatic alterations of trabecular 

microarchitecture: While there were no significant differences between reproductive and 

virgin rats in any of the parameters at baseline, after three reproductive cycles, reproductive 

rats showed a trabecular microstructure which had 59% lower BV/TV, 55% lower Tb.N, 

166% greater Tb.Sp, 0.74 greater SMI, and 82% lower Conn.D, but 20% greater Tb.Th than 

that of virgin rats at the same time point. Thus, reproduction induced deteriorations in the 

trabecular microstructure, but increased the average thickness of the remaining trabeculae, as 

compared to virgins (Figure 3).

3.4 Effects of reproduction on cortical bone structure

Reproduction also resulted in substantial changes in cortical bone structure at the proximal 

tibia, in particular during the first reproductive cycle (Figure 4). Specifically, the pMOI, 

Ct.Area, and Ct.Th increased 10%, 9%, and 12%, respectively, in reproductive rats during 

the first pregnancy. pMOI, Ct.Area, and Ct.Th then decreased 17%, 16%, and 14%, during 

the lactation phase of the first reproductive cycle. Over the 6-week post-weaning period, 

pMOI, Ct.Area, and Ct.Th increased 9%, 14% and 17%, respectively,, and at the end of the 

first reproductive cycle, reproductive rats showed no remaining differences from baseline in 

pMOI or Ct.Area, and showed a slight, 13% elevated Ct.Th. Subsequent reproductive cycles 

resulted in reduced magnitude changes in cortical bone structure, with pMOI undergoing 

10% and 7% increases during the second and third pregnancies, respectively, with no 

significant changes during the second and third lactation phases. Ct. Area increased 6% 

during both the second and third pregnancies followed by 4–5% decreases during the second 

and third lactation periods (as compared to a 9% increase during the first pregnancy and 

16% reduction during the first lactation). Similarly, Ct.Th showed modest 5% increases 

during the second and third pregnancies, and underwent slight 4–6% decreases during the 

second and third lactation periods. Apart from an 11% thickening of the cortical bone over 

weeks 0–12, and a 4% increase in pMOI over weeks 21–33, virgin rats showed no 

significant changes in pMOI, Ct.Area, or Ct.Th over the course of the study.

In contrast, the TMD of both reproductive and virgin rats increased consistently, in particular 

during the first reproductive cycle, and at the end of Cycle 1, TMD was 7% greater than 

baseline in both virgin and reproductive rats. Both groups of rats underwent minimal 

changes in P.Perim and E.Perim throughout the experiment, with virgins undergoing no 

changes in either parameter, while the reproductive group showed a slight, 2% increase in 

P.Perim during the second reproductive cycle, and a 2% decrease in E.Perim during the third 

cycle.

All together, although there were no differences between reproductive and virgin rats in 

pMOI, Ct.Area, Ct.Th, or TMD at baseline, the three repeated reproductive cycles resulted 

in substantial differences between virgin and reproductive rats at the end of the experiment. 
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After three cycles, reproductive rats showed a 13% greater pMOI, 9% greater Ct.Area, 1% 

reduced TMD, and a trend towards a 7% greater Ct.Th relative to virgins. Reproductive rats 

showed a consistently 4% elevated P.Perim as compared to virgin rats throughout the 

experiment, and although reproductive rats showed a trend towards a 6% greater E.Perim at 

baseline, there was no longer any difference in E.Perim between the two groups of rats after 

3 reproductive cycles. Taken together, these results indicate that, after three reproductive 

cycles, the cortical bone at the proximal tibia had slightly lower mineralization, but 

increased robustness (in the form of elevated pMOI, Ct.Area, and Ct.Th), in reproductive 

rats as compared to virgins.

3.5 Reproduction-induced changes in tibia mechanical properties

μFEA-derived measures of whole-bone stiffness changed most dramatically during the first 

reproductive cycle (Figure 5A), where reproductive rats showed a 34% decrease in whole-

bone stiffness during lactation. This recovered partially after weaning, as the whole-bone 

stiffness increased 39% over the 6-week post-weaning period. During the second and third 

reproductive cycles, reproductive rats showed 18% and 14% decreases in stiffness as a result 

of lactation, with 11% and 18% increases in stiffness over the second and third post-weaning 

periods In contrast, virgin rats showed no changes in whole-bone stiffness throughout the 

experiment. Reproductive-associated changes in stiffness appeared to recover fully over the 

course of three reproductive cycles, as there was no difference in whole-bone stiffness 

between reproductive and virgin rats at the end of the experiment.

The cortical load-share fraction, or the percentage of the total load carried by the cortical 

bone (Figure 5B) was computed both before and after the three repeated reproductive cycles. 

As shown in Figure 5C, at baseline, there was no difference in cortical load-share fraction 

between reproductive and virgin rats, indicating that in both groups, the cortical bone carried 

68% of the total load applied to the tibia. Virgin rats showed no substantial change in 

cortical load-share fraction over the course of the experiment. However, in reproductive rats, 

the cortical load-share fraction was significantly elevated to 87% at the end of the 

experiment.

3.6 Effects of reproduction on longitudinal tibia growth

Comparison of the changes in total tibia length in reproductive and virgin rats over the 

course of the first, second, and third reproductive cycles indicated a significant, 2–3% 

increase in tibia length during Cycle 1 in both groups (p<0.05; Figure 4G). Virgin rats 

showed no significant changes in tibia length over the course of Cycles 2 or 3, indicating 

that these rats underwent minimal longitudinal growth over these time periods. In contrast, 

while reproductive rats also showed no significant changes in tibia length during Cycle 2, 

this group did show a significant, 1.9% increase in tibia length during Cycle 3 (p<0.05), 

indicating an elevated growth rate during this cycle in reproductive rats as compared to 

virgins. Group-wise comparisons at the end of each cycle indicated that, by the end of 

Cycles 2 and 3, reproductive rats had undergone significantly greater increases in tibia 

length than virgins (p<0.05), resulting in a 2.3% and 4.6% greater total tibia length in 

reproductive rats than in virgins at the end of the second and third reproductive cycles, 

respectively (p<0.05).
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4. Discussion

This study forms the first in vivo, longitudinal tracking of the changes taking place as a 

result of pregnancy, lactation, and post-weaning recovery at the proximal tibia in rats. Based 

on previous rodent studies, combined with results from clinical studies indicating that 

reproductive bone loss has no long-term adverse effect on maternal bone health (15–21), we 

hypothesized that reproduction would induce a substantial bone loss, which would recover 

following weaning. Therefore, the initial aim of this study was to investigate the structural 

mechanisms behind reproductive bone loss and recovery of the trabecular bone at the 

proximal tibia. Our longitudinal approach allowed for the tracking of local changes in the 

trabecular bone within a constant volume of interest (VOI) over the course of a complete 

cycle of pregnancy, lactation, and post-weaning recovery. Trabeculae underwent thinning as 

well as dramatic structural deterioration during the last week of pregnancy as well as 

throughout the lactation period. This result is consistent with what has been found in 

previous rodent evaluations of skeletal changes during lactation (6–8,37–40). Additionally, 

the elevated bone resorption rates during the lactation phase measured through μCT-based 

trabecular dynamics analysis agree with results previously reported by Miller and Bowman 

(10), who demonstrated that a dramatically elevated fraction of the tibial trabecular bone 

surface was covered by osteoclasts during lactation (10). Previous studies investigating the 

effects of pregnancy on trabecular bone have been less clear, with some studies finding 

minimal effects of pregnancy on the quantity of trabecular bone (7,39), while others found 

evidence of increased bone resorption over this time period (41). Similarly, clinical studies 

have found controversial results regarding the effects of pregnancy on maternal bone in 

humans (3). Discrepancies regarding the effect of pregnancy may be due in part to 

differences in the stage of pregnancy investigated among the different studies, as our 

findings indicate substantial bone loss taking place only during the last week (equivalent to 

the third trimester) before parturition.

Following weaning, we found an initial increase in the rate of bone formation and structural 

recovery, leading to a small increase in BV/TV. This partial recovery of trabecular bone 

volume appeared to occur through a thickening of the remaining trabeculae, with minimal 

recovery in trabecular microarchitecture, as the Tb.Th recovered fully following weaning, 

while minimal changes were seen in Tb.N, Conn.D, or SMI. Additionally, as indicated by 

ITD analysis, the extent of structural repair taking place post-weaning was substantially 

lower than the amount of pregnancy- and lactation-induced structural deterioration, further 

suggesting an incomplete recovery of trabecular microarchitecture. Previous studies have 

found variable results regarding the extent of recovery post-weaning. Consistent with our in 
vivo dynamic bone histomorphometry results, the maternal skeleton has been shown to 

undergo an anabolic phase shortly after weaning, with a reduction in bone resorption 

activities and an elevated rate of bone formation (9–12,40). In particular, fluorescent-labeled 

histomorphometry studies indicate a ~600% increase in BFR/BS at the proximal tibia post-

weaning (11), similar to the ~1000% increase in 3D BFR/BS found in our in vivo dynamic 

bone histomorphometry measurements. Additionally, previous studies evaluating bone 

density and microstructure indicate a greater bone volume and improved quality after post-

weaning recovery compared to at the end of lactation (6,9,11,13,40,42,43). Furthermore, 

de Bakker et al. Page 12

J Bone Miner Res. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



multiple clinical studies indicate no adverse effects of reproductive or lactation history on 

post-menopausal fracture risk (15–21), indicating that reproductive bone loss constitutes a 

transient process which does not adversely affect bone health in the long-term (2,15–21).On 

the other hand, similar to our findings, multiple rodent (6,9,11,13,42,43) and clinical (44,45) 

studies have indicated that even after a post-weaning recovery period, the maternal bone 

continues to show some remaining structural and/or mechanical deficits relative to controls. 

Taken together, these contradictory findings that despite a period of post-weaning recovery, 

reproduction induces permanent alterations in trabecular microstructure, without adversely 

affecting long-term bone health, would suggest that there may be an alternate mechanism to 

compensate for the observed low rates of trabecular bone recovery post-weaning.

Thus, we next investigated the effect of multiple reproductive cycles on the tibial trabecular 

as well as cortical bone. In contrast to the first cycle, subsequent reproductive cycles 

revealed minimal changes in trabecular bone microstructure during the pregnancy phase. On 

the other hand, lactation-induced deterioration of trabecular microstructure and thickness, 

and post-weaning recovery of trabecular thickness, followed similar trends over the course 

of all three cycles, although trabecular microarchitectural changes were more dramatic 

during the first reproductive cycle than the second and third. Additionally, reproduction-

induced changes in cortical bone were larger during the first cycle of pregnancy and 

lactation, as pMOI, Ct.Area, and Ct.Th underwent substantial changes during the first 

reproductive cycle, but changed much less dramatically as a result of subsequent cycles. 

Changes in cortical bone during the first reproductive cycle were similar to those found by 

Miller et al. (39) and Vajda et al. (40), who also found an increased Ct.Area in rats at the end 

of pregnancy, and a reduced Ct.Area at the end of lactation, relative to controls. 

Furthermore, previous studies of reproductive metabolism have indicated that later cycles of 

pregnancy and lactation are more efficient than the first (43,46), which may help to explain 

our findings of greater trabecular and cortical bone loss over the first cycle of pregnancy and 

lactation, as compared to subsequent cycles.

Overall, the cumulative effect of three repeated cycles of pregnancy, lactation, and weaning 

resulted in a substantially altered trabecular as well as cortical architecture. After three 

reproductive cycles, the trabecular network of reproductive rats was characterized by fewer, 

less connected, and more rod-like, but also, on average, thicker trabecular elements than that 

of virgin controls. This finding of a substantially altered trabecular microstructure after 

multiple reproductive cycles is in agreement with a cross-sectional study by Bowman et al., 
who also found that, after 6 weeks of recovery from two successive reproductive cycles, rats 

continued to show substantially reduced trabecular BV/TV at the tibial metaphysis relative 

to nulliparous controls (11). Interestingly, after 3 reproductive cycles, the cortical bone of 

reproductive rats appeared to be more robust, with a greater pMOI, Ct.Area, and Ct.Th in 

reproductive rats than controls. This is consistent with a clinical study indicating that women 

who underwent a long duration of breastfeeding (more than 33 months) had a greater tibial 

cross-sectional moment of inertia compared with women who breastfed for less than 12 

months when assessed ~16 years after the last lactation (23). Additionally, FEA-derived 

measurements of whole-bone stiffness showed no difference between reproductive and 

virgin rats at the end of three reproductive cycles, indicating that, although reproduction 

induced transient changes in whole-bone stiffness,, there did not appear to be any significant 
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long-term effect of reproduction on the mechanical integrity of the bone in spite of the 

substantially altered trabecular and cortical microarchitecture. This result is consistent with 

previous mechanical testing-based studies carried out in rats, as Vajda et al. found a decrease 

in vertebral and femoral stiffness in reproductive rats as a result of lactation, with no 

remaining significant difference in stiffness between reproductive rats and nulliparous 

controls at 8 weeks post-weaning (40).

The lack of difference between reproductive and virgin rats in whole-bone stiffness at week 

33, combined with the apparently irreversible trabecular deterioration and the increased 

robustness of post-reproductive cortical bone, suggest that the cortical bone may be able to 

compensate for trabecular bone deficits, allowing the bone to maintain its mechanical 

integrity after reproduction in spite of the incomplete recovery of the trabecular 

microarchitecture. In particular, reproduction may induce a redistribution of load between 

the cortical and trabecular compartments, where the cortical bone of post-reproductive rats 

may carry a larger proportion of the load applied to the bone. The last portion of our study 

sought to investigate this question by evaluating the fraction of the total load carried by the 

cortical and trabecular compartments in virgin and reproductive rats. Indeed, we found that 

in reproductive rats, the percentage of the total load borne by the cortical bone increased 

significantly after three reproductive cycles, while no changes were found in the cortical 

loadshare fraction of virgin rats over the same time period. This leads us to conclude that 

reproduction may lead to a redistribution of mechanical functions, where cortical bone 

carries a larger proportion of the load in post-reproductive bone, which, in turn, could help 

to explain the paradox that reproduction leads to bone loss with incomplete recovery without 

increasing postmenopausal risk of osteoporosis or fracture.

Estimation of longitudinal bone growth at the proximal tibia also suggested a significant 

effect of reproduction on whole-bone growth rate, as reproductive rats were found to 

undergo greater increases in tibia length than virgins over the course of multiple 

reproductive cycles. Previous cross-sectional studies evaluating the effects of reproduction 

on long-bone growth based on fluorescent markers identified on histological sections, have 

indicated elevated growth in rats during pregnancy, which slowed during lactation, and then 

resumed during the post-weaning period (43,47). Thus, we expect that our observed 

differences in total tibial growth between reproductive and virgin rats over the course of a 

complete reproductive cycle are a result of the cumulative effects of altered growth rates 

during pregnancy, lactation, and post-weaning. However, our method of evaluating tibial 

growth based on 2-D radiographs was limited in its temporal resolution and thus, although 

we were able to quantify altered tibial growth over the course of a complete reproductive 

cycle, this method lacked the precision to detect changes in tibial growth rate during the 

individual phases of pregnancy, lactation, and weaning within each cycle. Thus further 

longitudinal studies are required to clarify the precise effects of each reproductive phase on 

tibial growth.

Our finding that reproductive rats exhibit elevated longitudinal bone growth also suggests a 

modeling-based component to the effects of reproduction on trabecular and cortical bone 

microstructure, through changes in endochondral ossification from the growth plate. For 

instance, it is possible that, in addition to increases in bone formation on the surfaces of 
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existing trabeculae, the development of new trabecular elements from the growth plate 

through endochondral ossification may also play a small role in the increase in trabecular 

bone mass observed post-weaning. Altered patterns of endochondral ossification may also 

play a part in inducing the changes in cortical bone structure observed during reproduction, 

as the elevated cortical pMOI and Ct.Area observed in reproductive rats compared to virgins 

after 3 reproductive cycles may partially be a result of their altered longitudinal growth. 

However, further studies are required to clarify the relationship between the reproduction-

based changes in longitudinal bone growth and the effects on metaphyseal cortical and 

trabecular microstructure.

This study is novel in its longitudinal design, allowing precise, long-term tracking of 

reproduction-induced changes in maternal rat bone. However, there are inherent limitations 

to this design: Notably, this study utilizes a rat model. Although rat bone has been shown to 

be highly representative of the changes undergone by human bone under similar conditions, 

the precise implications of the findings of this study for human health remain to be 

confirmed in a clinical study. Notably, the reduced extent of bone loss experienced by 

women as compared to rodents as a result of reproduction and lactation may induce altered 

patterns of trabecular and cortical bone loss and compensation in humans than those 

reported here for rats. However, a preliminary longitudinal study using high-resolution 

peripheral quantitative CT (HR-pQCT) to evaluate microstructural changes in women in 

response to lactation indicated a significant, 3% reduction in inner trabecular density at the 

distal radius over the course of 6 months of lactation, which persisted 6 months post-

weaning (48), consistent with our findings of persistent reproductive trabecular bone loss in 

rats. Similarly, a more recent HR-pQCT based study also showed 2.6% reduced trabecular 

thickness and 2.6% reduced BV/TV at the distal tibia at 12-months post-partum in women 

who had lactated for at least 9 months (49) The increasing availability of HR-pQCT 

scanners means that a complete, longitudinal, clinical investigation of the long-term impact 

of pregnancy, lactation and weaning on bone microstructure will be possible in the near 

future.

Additionally, our study evaluates reproductive changes at a single skeletal site. The proximal 

tibia is a commonly investigated site in preclinical studies of osteoporosis pathophysiology 

and treatment, and changes at the proximal tibia have been shown to be highly relevant to 

human health. However, location-specific effects must be considered when applying the 

results of this study to different skeletal sites. We are currently conducting an on-going study 

to examine effects of reproduction on multiple skeletal sites in rats. Our study is also limited 

by the baseline differences in E.Perim and P.Perim found between the reproductive and 

virgin groups. Although rats were randomly assigned to the two groups at the start of the 

experiment, we did find a greater P.Perim and a trend towards a greater E.Perim in the 

reproductive group as compared to the virgins at week 0 (in spite of finding no significant 

baseline differences between the two groups in any of the other parameters). Thus, this 

baseline difference in cortical bone structure needs to be considered when interpreting the 

results of our cortical analysis. Finally, our study is limited by the available spatial resolution 

of in vivo μCT images. Although the 10.5 μm voxel size was sufficient for all the 

measurements reported here, an in vivo measurement of reproduction-induced changes in 

cortical bone porosity was not possible at this resolution.
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In spite of its limitations, this study provides a thorough, longitudinal evaluation of the 

effects of pregnancy, lactation, and weaning on maternal bone, allowing important insight 

into the processes taking place during and after reproduction. Taken together, our results 

indicate that pregnancy and lactation result in both long-term and short-term alterations in 

trabecular microstructure, with the trabecular thickness undergoing a transient reduction 

which is fully recovered after weaning, while the trabecular microarchitecture undergoes a 

substantial deterioration, which recovers minimally. In contrast to trabecular bone structure, 

our study shows an improved robustness of cortical bone, as well as an increase in the 

proportion of the total load carried by the cortical bone as a result of reproduction. This may 

compensate for the irreversible trabecular deterioration taking place, resulting in no long-

term effect of reproduction on whole-bone stiffness at the proximal tibia.
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Figure 1. 
(A–F) Changes in trabecular bone microarchitecture parameters throughout a reproductive 

cycle within the same trabecular VOI in reproductive rats (black triangles) and virgins (red 

squares). Letters indicate significant differences (p<0.05) among time points in the 

reproductive group (no significant changes over time were found for virgin rats). 

Intermediate time points (weeks 2, 4, 5, 7, 8, and 9) for virgin rats were not included in the 

analysis. (G) Representative 3D renderings illustrating changes in trabecular bone over the 

course of reproduction within a consistent trabecular VOI in a single rat.

de Bakker et al. Page 19

J Bone Miner Res. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(A) Representative 3D renderings illustrating bone (re)modeling (as determined by in vivo 
dynamic bone histomorphometry) over the course of pregnancy, lactation, and post-weaning 

recovery, as well as in virgin rats. Bone resorption (red) was highly elevated during 

pregnancy and lactation, while bone formation (green) was elevated post-weaning. Virgin 

rats showed low rates of bone (re)modeling, as indicated by the large amounts of constant 

bone (gray). (B) Bone resorption rate (BRR/BS), (C) bone formation rate (BFR/BS), (D) 

instances of structural deterioration, and (E) instances of structural repair over the course of 

3 weeks of pregnancy, 3 weeks of lactation, and during two 3-week post-weaning recovery 

periods in reproductive rats (black dots and solid lines). Analogous measurements over a 
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single 3-week period are shown for virgin rats in red (dotted line; standard deviation shown 

in pink shading). *: significant difference between time points for reproductive rats (p<0.05).
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Figure 3. 
(A–F) Changes in trabecular bone microarchitectural parameters over 3 cycles of pregnancy 

(P), lactation (L), and post-weaning recovery (R) in reproductive rats (indicated by black 

triangles) and virgins (represented by red squares). Letters indicate significant differences 

(p<0.05) among time points for each cycle in the reproductive group (no significant changes 

over time were found for virgin rats). Red * indicate differences between reproductive and 

virgin rats at the end of each cycle (p<0.05). (G) Representative 3D renderings of the 

proximal tibia of a virgin and reproductive rat at 3 months after the end of the last 

reproductive cycle.
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Figure 4. 
(A–F) Changes in cortical bone structural parameters at the proximal tibia over 3 cycles of 

pregnancy (P), lactation (L), and post-weaning recovery (R) in reproductive rats (black 

triangles) and virgins (red squares). (G) Changes in total tibia length over 3 reproductive 

cycles. Letters indicate significant differences (p<0.05) in cortical parameters among time 

points for each cycle in the reproductive group (significant differences among time points in 

the control group are indicated by italic font), and & indicate significant differences in tibia 

length between consecutive reproductive cycles (p<0.05). Red * indicate differences 

between reproductive and virgin rats at the end of each cycle (p<0.05); red # indicate trends 

towards differences between reproductive and virgin rats at the end of each cycle (p<0.1).
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Figure 5. 
(A) Changes in whole-bone stiffness at the proximal tibia over 3 cycles of pregnancy (P), 

lactation (L), and post-weaning recovery (R) in reproductive rats (black triangles), and 

virgins (red squares). Letters indicate significant differences (p<0.05) among time points for 

each cycle in the reproductive group (no significant changes over time were found for virgin 

rats). Red # indicates a trend towards a difference between reproductive and virgin rats at the 

end of the first reproductive cycle (p<0.1). (B) Schematic illustrating the separation of 

cortical (pink) and trabecular (blue) compartments in order to determine the percentage of 

the load carried by the trabecular and cortical bone (load-share fraction). (C) Percentage of 

load carried by the cortical bone at baseline and after 3 reproductive cycles in virgin and 

reproductive rats. *: p<0.05.
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