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Full Length Article 

Alendronate prolongs the reversal-resorption phase in human cortical 
bone remodeling 

Xenia G. Borggaard a,b,*, Jean-Paul Roux c, Jean-Marie Delaisse a,b, Pascale Chavassieux c, 
Christina M. Andreasen a,b,1, Thomas L. Andersen a,b,d,**,1 

a Molecular Bone Histology Team, Clinical Cell Biology, Research Unit of Pathology, Dept. of Clinical Research and Dept. of Molecular Medicine, University of Southern 
Denmark, Odense, Denmark 
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c Univ Lyon, INSERM, UMR 1033, F-69008 Lyon, France 
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A R T I C L E  I N F O   
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A B S T R A C T   

Despite their ability to reduce fracture-risk and increase Bone Mineral Density (BMD) in osteoporotic women, 
bisphosphonates are reported to reduce formation of new bone. Reduced bone formation has been suggested to 
lead to accumulation of microfractures and contribute to rare side effects in cortical bone such as atypical femur 
fractures. However, most studies are limited to trabecular bone. In this study, the cortical bone remodeling in 
human iliac bone specimens of 65 non-treated and 24 alendronate-treated osteoporotic women was investigated 
using a new histomorphometric classification of intracortical pores. The study showed that only 12.4 ± 11% of 
the cortical pore area reflected quiescent pores/osteons in alendronate-treated patients versus 8.5 ± 5% in 
placebo, highlighting that new cortical remodeling events remain to be activated. The percent and size of eroded 
pores (events in resorption-reversal phase) remained unchanged, but their contribution to total pore area was 
1.4-fold higher in alendronate versus placebo treated patients (66 ± 22% vs 48 ± 22%, p < 0.001). On the other 
hand, the mixed eroded-formative pores (events with mixed resorption-reversal-formation phases) was 2-fold 
lower in alendronate versus placebo treated patients (19 ± 14% vs 39 ± 23% of total pore area, p < 0.001), 
and formative pores (event in formation phase) was 2.2-fold lower in alendronate versus placebo treated patients 
(2.1 ± 2.4% vs 4.6 ± 3.6%, p < 0.01), and their contribution to total pore area was 2.4-fold lower (1.3 ± 2.1% vs 
3.1 ± 4.4%, p < 0.05). Importantly, these differences between alendronate and placebo treated patients were 
significant in patients after 3 years of treatment, not after 2 years of treatment. Collectively, the results support 
that cortical remodeling events activated during alendronate treatment has a prolonged reversal-resorption 
phase with a delayed transition to formation, becoming increasingly evident after 3-years of treatment. A po-
tential contributor to atypical femur fractures associated with long-term bisphosphonate treatment.   

1. Introduction 

Bisphosphonates are antiresorptive drugs used to treat patients in 
risk of fractures, such as patients with osteoporosis. Treatment with 
bisphosphonates reduces fracture-risk and increases BMD [1,2]. Since 
BMD and bone strength correlate well, these parameters have been the 
main outcome in most studies evaluating effects of bisphosphonate 
treatment [3]. In addition, increased BMD is a strong predictor of 

reductions in fracture risk [4]. However, BMD does not distinguish be-
tween trabecular and cortical bone and the predictive power of BMD 
measurements differs between skeletal sites [5]. Furthermore, although 
short-term alendronate treatment has been shown to increase BMD at 
several skeletal sites, the effect was most pronounced at skeletal sites 
composed predominantly of trabecular bone [6]. In line with this, the 
outcome in fracture-reduction varies between vertebral and non- 
vertebral fractures [2,7,8]. This variation between sites is possibly 
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caused by differences in microstructure and metabolic activity between 
trabecular and cortical bone [9]. Trabecular bone is highly accessible for 
bisphosphonates due to large surface-area in close contact with the 
marrow, while intracortical bone is only accessible through its canal 
network [10]. Accordingly, the effect of bisphosphonates may vary be-
tween cortical and trabecular bone. 

Consistent with increased BMD, serum markers of bone resorption C- 
terminal telopeptide (CTX) and N-terminal telopeptide (NTX) decrease 
after treatment with alendronate [10,11] and risedronate [12], but also 
serum markers of bone formation like P1NP (N-propeptide of type I 
collagen) and bone alkaline phosphatase decrease after treatment with 
bisphosphonates [5,13,14], supporting that alendronate reduce the 
bone turnover. Histomorphometric analyses on trabecular bone inves-
tigating bone formation parameters like osteoid/mineralizing surfaces 
per bone surface and the activation frequency of bone formation con-
firms that alendronate reduces bone formation [15–19]. On the other 
hand, no good histomorphometric measure of bone resorption exist, and 
the ones reported, like osteoclast/eroded surfaces per bone surface, 
show no reduction upon alendronate treatment [15–19]. Since bone 
formation and resorption are normally coupled within the bone 
remodeling process, decreases in bone formation have been interpreted 
as a consequence of reduced bone resorption, even though there is no 
good histomorphometric measure of resorption [16]. The 
bisphosphonate-induced reduction in bone formation implies that the 
increased BMD measured in clinical trials reflects an increased degree of 
bone matrix mineralization, as the bone mass seems unchanged [20]. 
Our recent studies on trabecular bone showed that alendronate treat-
ment resulted in the accumulation of arrested eroded surfaces without 
evidence of active resorption or neighboring bone formation, reflecting 
a prolonged reversal phase [19]. Arrested eroded surfaces have been 
shown to have a low density of osteoblastic reversal cells, likely due to 
an insufficient recruitment of osteoprogenitors, hampering their tran-
sition to formation [19,21]. We have developed a histomorphometric 
analysis linking the pores bone remodeling type and stage directly to 
cortical porosity (e.g. bone loss), utilizing that cortical pores provide a 
direct measure of bone loss when resorption is activated and pores are 
expanded [21]. This contrasts with the classical bone surface based 
histomorphometric approaches used on trabecular bone surfaces, where 
no direct measures of trabecular bone loss exist as trabeculae disappear 
with the degraded bone. Accordingly, one can only correlate the 
remodeling activities on the trabeculae with the remaining trabecular 
bone volume, not the actual bone loss. 

In cortical bone, high-resolution peripheral quantitative computed 
tomography (HR-pQCT) revealed reduced porosity and number of pores 
per bone area after treatment with alendronate and risedronate [22,23], 
in one of the studies the decrease was reported to be temporary. Here, 
the authors speculated that the temporary reduced cortical porosity was 
the result of shorter resorption periods followed by bone formation 
(refilling) of eroded surfaces. However, the highly suppressed bone 
formation observed in trabecular bone leads to questioning whether 
alendronate affects cortical bone remodeling differently from trabecular 
bone remodeling. 

The present study addresses the effects of bisphosphonates (alendr-
onate) on cortical bone remodeling, utilizing our new histomorpho-
metric classification of intracortical pores [24,25]. This classification 
enables evaluation of the relationship between the respective phases of 
bone remodeling and hereby quantification of the coupling of formation 
to resorption. Knowledge on the cortical effects of bisphosphonates may 
have critical implications on future osteoporosis treatment and pre-
vention of rare atypical femur fractures (AFF) – a purely cortical 
fracture. 

2. Materials and methods 

2.1. Clinical trial 

This study was conducted on 89 transiliac biopsies collected during 
the Phase III Study of alendronate [2]. In short, the study encountered 
postmenopausal women (≥5 years past menopause) with a decreased 
BMD (T-score ≤ − 2.5) and no secondary causes of osteoporosis or other 
disorders of bone or mineral metabolism. These women were random-
ized to receive either placebo or alendronate 5, 10 or 20 mg/d in a ratio 
of 2:1:1:1, respectively. One group receiving 20 mg/d were switched to 
5 mg/d for the third year. The remaining groups received a constant 
dose for three years. At baseline, the age span was 45–80 years with a 
mean age of 64 years. Transiliac biopsies were obtained after two or 
three years of treatment where participants volunteered for a biopsy. 

2.2. Biopsies and preparation 

The transiliac biopsies were fixed, dehydrated and embedded in 
methyl methacrylate before sectioning, Goldner's trichrome staining and 
histomorphometric analysis were performed as previously described 
[16]. In the present study, sections from women receiving either 10 mg/ 
d (2 years n = 9, 3 years n = 15) or placebo (2 years n = 26, 3 years n =
39) were analyzed. Sections were blinded prior to analysis and a second 
experienced observer verified all classifications. 

2.3. Pore classification 

Within each section, all identified intracortical pores in both cortices 
were analyzed. Cortical bone was carefully outlined based on its struc-
ture and bone structural unit composition, utilizing that cortical bone is 
composed of osteons and trabecular bone is composed of hemi-osteons 
[26]. Stitched mosaic of micrographs obtained under polarized light 
was generated for each cortex (ImaScope, La Rochelle, France), and its 
pores were identified, mapped and labeled with an identification num-
ber (Fig. 1A). CellSens Entry 2.3 (Olympus, Denmark, Ballerup) was 
used to measure pore diameter, pore area and osteon diameter (only 
quiescent pores) of each pore (Fig. 1B). Diameters were measured as the 
diameter of the largest inscribed circle within the pore/osteon. Sealed 
pores, with no pore diameter, were included in the analysis as quiescent 
pores. Every identified pore was investigated microscopically under 
polarized light (Zeiss Axio Imager, Oberkochen, Germany), in order to 
categorize remodeling type and stage of each pore, as previously 
described [25]. In brief, remodeling type distinguished the remodeling 
generating a new pore (type 1, Fig. 1C) and remodeling of an existing 
pore (type 2, Fig. 1D). Stages separated pores into their remodeling 
stage: eroded (breaks in the lamellae), eroded-formative (osteoid and 
breaks in the lamellae), formative (only osteoid) and quiescent (absence 
of both erosion and osteoid). Collectively, eroded, eroded-formative and 
formative pores are referred to as non-quiescent pores. For quiescent and 
formative pores, wall thickness was calculated as half of the difference 
between osteon diameter and pore diameter. The cortical porosity (pore 
area per bone area), thickness and pore density (number of pores per 
bone area) were estimated using a point grid [25]. 

2.4. Statistics 

D'Agostino and Pearson Omnibus test was used to test for normality. 
Statistical tests of differences between the groups were assessed using 
unpaired t-test or Mann-Whitney test while associations between overall 
cortical porosity in each biopsy and specific stages of pores or ratios 
between stages were statistically compared using Pearson's correlations 
test. Comparisons of slopes were assessed using GraphPad Prism 
regression function which is equivalent to ANCOVA. Statistical analysis 
was performed using GraphPad Prism 6 (GraphPad Software Inc., San 
Diego, CA, USA). 
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3. Results 

A total of 9696 pores were analyzed throughout 89 biopsies, with an 
equal mean number of pores in each group, PBO group (109 pores per 
biopsy, range 32–268, n = 65) and ALN group (109 pores per biopsy, 
range 34–182, n = 24). We mapped and analyzed the intracortical pores 
within the two outlined cortices as illustrated in Fig. 1A. The dimensions 
of each pore were measured as illustrated in Fig. 1B and each pore was 
classified according to the criteria shown in Fig. 1 as described in pre-
vious papers [25,27]. In 4.5% of all pores, we were unable to determine 
the remodeling type or stage of the pores. As observed in previous 
studies, type 2 pores were predominant (Fig. 1E). Distribution of Q 

versus non-Q pores were equal between all groups (Fig. 1F) and stages of 
remodeling were distributed as visualized in Fig. 1G. 

3.1. Two to three years of alendronate treatment does not affect general 
cortical parameters 

We observed no significant differences in porosity, cortical thickness, 
mean pore size or pore density between ALN and PBO, neither after 2 
nor 3 years of treatment when divided according to treatment duration 
(Fig. 2B–F). In ALN and PBO, cortical porosity was positively associated 
with mean pore diameter and area, but not with pore density. This 
positive association was not significantly different between ALN and 

Fig. 1. Schematic illustration of the methodology with representative images from analyzed biopsies. A) Image of biopsy with analyzed zones marked by red squares 
and insert showing a zoom with each intracortical pore given an ID number (yellow numbers shown in each pore). B). Right: Representative image of quiescent pore 
with pore-measurements indicated, Po.Ar (pore area), Po.Dm (pore diameter), On.Dm (osteon diameter), W.Th (Wall thickness). C) Schematic presentation of events 
remodeling an existing pore (type 2), with each stage of remodeling indicated by vertical red lines. For each stage, a schematic illustration showing distinct features 
of the specific stage and a representative image from analyzed biopsies are shown. D) Schematic illustration showing distinct features of each stage in remodeling 
events creating a new pore (type 1). E) Diagrams showing how the individual remodeling events are represented by type 1 and type 2 pores for the PBO and ALN 
group subdivided according to treatment duration. F) Diagrams showing how all remodeling events are represented by quiescent (Q) and non-quiescent (non-Q) 
pores. G) Diagrams showing how all remodeling events are represented by the four different stages of remodeling; eroded (E), eroded-formative (EF), formative (F) 
and quiescent (Q). NA denotes part of pores not classified. Scale bars = 30 μm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 2. Alendronate does not affect cortical porosity and properties of analyzed intracortical pores between placebo (n = 65) and alendronate treatment (n = 24). A) 
Schematic drawing of the pore-measurements included in this figure, Po.Ar (pore area), Po.Dm (pore diameter). B–F) Each dot represents one biopsy with grey boxes 
showing the mean in each treatment group. For each graph: Left-hand-side: PBO (placebo) and ALN (alendronate), right-hand-side: PBO and ALN subdivided ac-
cording to treatment duration. Correlations of mean pore diameter (G), mean pore area (H) and pore density (I) with the overall cortical porosity of a given biopsy 
were not affected by alendronate treatment. Statistically significant differences between PBO and ALN were assessed using Kruskal-Wallis test (B–E) or unpaired t-test 
(F). Statistically significant differences between PBO and ALN subdivided according to treatment duration were assessed by Kruskal-Wallis test. Correlations between 
pore parameters and overall porosity were calculated using Pearson's correlation and differences between slopes were tested using ANCOVA. 
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PBO (Fig. 2G–I). 

3.2. Quiescent pores contribute less to the cortical porosity after 
alendronate treatment 

To address the effect of alendronate on the amount of bone resorp-
tion and formation in individual completed remodeling events, di-
mensions of quiescent pores and their osteons were measured. The 
osteon diameter (amount of bone resorbed), wall thickness (amount of 
bone formed) and pore diameter (balance between the amount of bone 
resorbed versus formed) of quiescent pores/osteons were not different in 
ALN versus PBO group, neither after 2 nor 3 years of treatment when 
subdivided (Fig. 3B–D). Despite the fact, that quiescent pores repre-
sented nearly half of classified pores (39.4 ± 9.7% of all pores), their 
percentage of total pore area comprised only 8.5 ± 5.4% in the PBO 
group and 12.4 ± 11% in the ALN group, with no significant difference 
between treatment groups (Fig. 3E). In both groups, the quiescent pores 
percentage of total pore area was negatively associated with the cortical 
porosity. Importantly, the slope of this correlation was significantly 
steeper in the ALN versus PBO group (Fig. 3E). 

3.3. Eroded pores contribute even more to total pore area after 
alendronate treatment 

Non-quiescent pores are divided into three pore types according to 
their active stage of bone remodeling: Eroded pores reflecting mainly the 
reversal-resorption phase (45.4 ± 8.9% of all pores), eroded-formative 
pores reflecting that formation is initiated however eroded surface is 
still present (8.3 ± 4.7% of pores) and the formative pores reflecting the 
phase with only bone formation (3.9 ± 3.9% of pores). The percentages 
of eroded and eroded-formative pores were not different between the 
ALN and PBO group (Fig. 4A, B), but percentage of formative pores was 
significantly decreased in the ALN versus PBO group (Fig. 4C). When 
PBO and ALN were subdivided according to treatment duration, per-
centages of eroded-formative and formative pores were decreased only 
in the 3-year ALN versus PBO groups (Fig. 4B, C). The mean pore 
diameter was decreased in eroded-formative pores in the ALN versus 

PBO group, but only in the 3-year groups when subdivided according to 
treatment duration (Fig. 4E). The mean pore diameter of eroded and 
formative pores was not different between groups (Fig. 4D, F). Impor-
tantly, the eroded pores percentage of total pore area was significantly 
increased in the ALN versus PBO group, but only in the 3-year groups 
compared to both 3-year PBO and 2-year ALN (Fig. 4G). While eroded- 
formative (Fig. 4H) and formative pores (Fig. 4I) were significantly 
decreased in the ALN versus PBO group, but only in the 3-year treatment 
groups when subdivided according to treatment duration. Interestingly, 
the contribution of eroded pores to total pore area had an opposite 
correlation with cortical porosity in the ALN versus PBO group (Fig. 4J). 
While the contribution of eroded-formative or formative pores to total 
pore area had similar correlations to cortical porosity between the ALN 
and PBO group (Fig. 4K, L). 

4. Discussion 

Studies examining the effects of bisphosphonates have reported 
decreased resorption with a consequently decreased bone formation 
[6,11,15]. However, our recent study on trabecular bone demonstrates 
that the alendronate-induced reduction in bone formation is not simply 
the result of a reduced activation of bone remodeling, it also includes an 
additive effect [19]. The additive effect results from accumulation of 
arrested reversal surfaces with a reduced reversal cell density and poor 
transition to bone formation. In the present study, we investigate how 
alendronate affects bone remodeling in cortical bone using our recently 
developed histomorphometric classification of intracortical pores 
[24,25]. We observed no effect of alendronate on overall parameters 
such as pore size, pore density and cortical porosity. Instead, 
alendronate-treatment increased pore area composed of eroded pores 
and decreased pore area composed of formative pores, especially in 
patients treated for 3 years. This imbalance in eroded and formative 
pores are interpreted as the result of a prolonged reversal-resorption 
phase with a poor transition to formation within remodeling events 
activated during alendronate treatment, as summarized in Fig. 5 and 
discussed in detail below. 

Fig. 3. Quiescent pores were not affected by alendronate treatment A) Schematic drawing of the pore-measurements included in this figure, Po.Dm (pore diameter), 
On.Dm (osteon diameter), W.Th (Wall thickness). B–D) Each dot represents the mean of a given biopsy with grey boxes showing the mean in each treatment group. 
For each graph: Left-hand-side: placebo (PBO) and alendronate (ALN), right-hand-side: PBO and ALN subdivided according to treatment duration. E) Part of total 
pore area comprised by quiescent pores (%) for placebo (PBO) versus alendronate (ALN) and PBO versus ALN subdivided according to treatment duration. Right- 
hand-side: Correlation between part of total pore area comprised by quiescent pores and total pore area. Each dot represents one biopsy. Statistically significant 
differences between PBO and ALN were assessed by Mann-Whitney test (B, E) or unpaired t-test (C, D). Statistically significant differences between PBO and ALN 
subdivided according to treatment duration were assessed using Kruskal-Wallis test. Correlation between % of pore area and porosity was calculated using Spearman 
correlation and difference between slopes was tested using ANCOVA. ***p < 0.001. 
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4.1. Two- and three-years of alendronate treatment does not affect 
cortical porosity or thickness 

We found no reduction in cortical porosity after alendronate treat-
ment, after neither two nor three years of treatment. This is in contrast to 
observations by Roschger and colleagues, who observed decreased 
cortical porosity in selected iliac crest biopsies from the same clinical 
trial investigated in this study [28], which may be explained by the low 

number of analyzed samples. Zebaze and colleagues reported a tempo-
rary decrease in cortical porosity in postmenopausal women treated 
with alendronate for 6 months compared to baseline, which was lost 
after 12 months of treatment [23]. This is in line with the present study 
showing an unaffected cortical porosity and thickness after 2–3 years of 
alendronate treatment [29]. The initial decrease in cortical porosity 
observed after 6 months by Zebaze and colleagues might be explained by 
the initial closure of remodeling events initiated before treatment start 

Fig. 4. Alendronate (ALN) shifts the remodeling balance, leading to less formation and higher contribution to pore area by eroded pores. A–I) Each dot represents the 
mean of a given biopsy with grey boxes showing the mean in each treatment group. For each graph: Left-hand-side: Placebo (PBO) and alendronate (ALN), right- 
hand-side: PBO and ALN subdivided according to treatment duration. (J–L) Correlations between % of pore area and total porosity. Each dot represents one bi-
opsy. Statistically significant differences between PBO and ALN were assessed using Kruskal-Wallis test (B, C, E, F, H, I) or unpaired t-test (A, D, G). Statistically 
significant differences between PBO and ALN subdivided according to treatment duration were assessed by Kruskal-Wallis test. Correlations between pore parameters 
and overall porosity were calculated using Pearson's correlation and differences between slopes were tested using ANCOVA. *p < 0.05, **p < 0.01, ***p < 0.001. 
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[23]. This interpretation is in line with the common notion, that 
bisphosphonates reduce activation of new remodeling events [30,31]. 
But what happens to remodeling events still activated during the 
alendronate treatment, and causing the cortical porosity observed after 
2–3 years of alendronate treatment? Bearing in mind that only 12.4% of 
the cortical pore area (porosity) is composed of quiescent pores in the 
alendronate treated patients. 

4.2. Effect of alendronate on cortical remodeling events initiated during 
treatment 

Even though, the activation of new cortical remodeling events may 
occur at a lower frequency in the alendronate patients, we did not 
observe an increased percentage of quiescent pores in the alendronate 
group, as one would expect if the activation frequency went down. 
Reduced activation of remodeling would also simply cause an equal 
decrease in eroded and formative pores, but we observed no decrease in 
the percentage of eroded pores, only formative pores. This shows that 
the reversal-resorption phase (eroded pores) is not aligned with the 

formation phase (formative) within remodeling events activated during 
alendronate treatment. Despite this, we observed no change in wall 
thickness or osteon diameter of quiescent pores. Meaning that the 
magnitude of bone resorption and formed bone was not affected by 
alendronate treatment, once initiated. In line with this, alendronate and 
other bisphosphonates were not shown to decrease wall thickness in 
trabecular bone after at least three years of treatment [16,18,32]. Hence 
bone formation is not stopped prematurely by alendronate. 

4.3. Alendronate may inhibit eroded pores transition to bone formation in 
cortical bone 

Besides the unchanged prevalence and size of eroded pores, we 
observed that these eroded pores had an increased contribution to total 
pore area in alendronate-treated patients. This is in addition to the 
already high contribution observed in elderly [25]. Here, it's interesting 
that we observed a significant decrease in the prevalence of formative 
pores and their contribution to total pore area in alendronate treated 
patients. Suggesting that the transition to formation is affected by 
alendronate treatment. This is in line with our recent study on trabecular 
bone, where alendronate was shown to delay initiation of bone forma-
tion and, thereby extend the reversal-resorption phase [25]. 

A possible explanation is, that alendronate affects reversal cells, but 
not the mature bone-forming osteoblasts. Reversal cells are osteopro-
genitors recruited to eroded surfaces [21,33–36], which upon a critical 
density transform into bone-forming osteoblasts [35,36]. On the eroded 
surfaces, reversal cells are in close contact with osteoclasts where 
coupling factors between osteoclasts and reversal cells are promoting 
transition into formation [35,36]. Upon bisphosphonate treatment, 
osteoclastic release of coupling factors might be hampered when oste-
oclasts take up bisphosphonates. Furthermore, the close contact be-
tween osteoclasts and reversal cells may likely facilitate that reversal 
cells are exposed to high local concentrations of bisphosphonates 
released by osteoclasts, as shown to be the case for non-resorbing cells 
proximate to bone resorbing osteoclasts in vitro [37,38]. This implies 
that reversal cells which are critical for the coupling of bone formation 
to resorption may be exposed to higher levels of bisphosphonates than 
any other osteoblastic cell. In line with this, emerging evidence suggests 
a direct effect of bisphosphonates on osteoblastic cells. In vitro studies 
have shown effects of bisphosphonates on survival, proliferation and 
nodule formation of osteoblastic cells. However, reported results differ 
depending on bisphosphonate and origin of osteoblasts studied [39]. 
High bisphosphonate doses are reported to induce apoptosis in osteo-
blastic cells, and inhibit their nodule formation and mineralization 
[40–42]. On the other hand, low doses (below that required to inhibit 
osteoclasts) induce pro-survival and activating effects on osteoblastic 
cells [43–45]. This biphasic response to alendronate and other 
bisphosphonates might explain the discrepancy between in vivo and in 
vitro findings, as the osteoblastic cells proximate to bone-resorbing os-
teoclasts may be exposed to higher concentrations of bisphosphonates. 

4.4. Suppression of bone formation is not restricted to trabecular bone 

Bisphosphonates bind to hydroxyapatite in the bone matrix with 
different affinities depending on type of bisphosphonate [46]. The af-
finity for hydroxyapatite is believed to affect the distribution of 
bisphosphonates within skeletal compartments [12], together with the 
microarchitecture and metabolic activity of the different skeletal com-
partments. Trabecular bone is highly accessible for bisphosphonates due 
to a large surface area in close contact with the bone marrow, while 
intracortical bone is only accessible through its canal network [9,10]. 
Most histomorphometric studies have focused on the effect of 
bisphosphonates on trabecular bone, while cortical bone has received 
little attention. In this study, we demonstrate that alendronate treatment 
causes a prolonged reversal-resorption phase with a poor transition to 
formation, as reported in trabecular bone [19]. This supports, that 

Fig. 5. Schematic presentation showing how alendronate treatment prolongs 
the reversal-resorption phase in cortical bone remodeling compared to placebo 
treated individuals. A) Schematic pie charts showing how the four stages of 
bone remodeling each contribute to the total pore area for each treatment 
group; E: Eroded, EF: Eroded-Formative, F: Formative, Q: quiescent, with black 
denoting area of pores not classified (NA). (B) Schematic illustration of bone 
remodeling with a red arrow indicating how alendronate prolongs the reversal- 
resorption phase consequently leading to more pores ‘trapped’ within the stage 
of resorption rather than progressing into the bone forming stage. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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bisphosphonates have a similar effect on cortical and trabecular 
remodeling events, despite of the two compartments very different 
microarchitecture and metabolic activity. 

4.5. Potential implications of long-term delay of bone formation 

Although positive effects of bisphosphonates in fracture risk reduc-
tion outweigh the concerns about atypical femur fractures (AFFs), these 
AFFs have raised a public concern. A concern which has caused a 
treatment gap in osteoporotic women [47–51]. AFFs are rare but severe 
and often complicated to treat. Moreover, the pathogenesis of these 
fractures remains uncertain. 

Several factors are reported to increase the risk of AFFs, including 
use of bisphosphonates for more than five years [51]. In this study, we 
observed significant changes in the bone remodeling balance after three 
years of treatment, but not after two years (Fig. 4). The same was 
recently reported in trabecular bone [19]. Although biopsies in this 
study were restricted to two and three years of treatment it suggests that 
the accumulation of eroded pores due to a suppressed transition to 
formation is linked to treatment duration. Hence, AFFs may not only be 
ascribed to the accumulation of micro-fractures, but also to the 
increasing accumulation of eroded pores due to suppressed formation in 
long-term bisphosphonate users [50,52]. This concept is supported by a 
study based on 37 patients suffering AFFs [53] and a recent histo-
morphometric case study of a 83 year-old woman diagnosed with an 
AFF, reporting that the fracture site had a very high abundance of 
enlarged eroded pores due to nearly absent bone formation [54]. Here, 
the authors argue that the gradual accumulation of enlarged coalescent 
eroded pores combined with high tensile stresses on the lateral femoral 
cortex would eventually favor the development of AFF. Future studies 
on long-term bisphosphonate users are warranted to validate this 
concept, and to understand why long-term bisphosphonate treatment 
causes an increased risk of AFF. 

4.6. Limitations of the study 

First, a limitation of the study is the restricted number of biopsies 
from treated women, due to the origin of analyzed biopsies. In the 
clinical study, women were stratified into placebo plus three treatment 
groups in the ratio 2:1:1:1 and further divided into two- and three-year 
treatment groups. To improve the power of this study, the two- and 
three-year treatment groups were pooled. However, stratifying the 
treatment-group according to treatment duration, revealed significant 
differences between the two treatment-groups, despite the relative low 
number of biopsies. Second, the analysis was restricted to iliac crest 
biopsies from postmenopausal osteoporotic women. Therefore, further 
studies are needed to validate whether findings in this study are appli-
cable to other skeletal sites, between genders and in treatment of other 
pathologies, where patients are exposed to a much more frequent 
treatment with bisphosphonates [55]. Third, the maximum treatment 
duration investigated was three-years. It is not established whether 
observed effects of alendronate are sustained or further accumulate in 
long-term bisphosphonate users. 

In our cortical analysis, wall thickness was used as a measure of the 
final magnitude of bone formed, while stages eroded-formative and 
formative were used to indicate prevalence of bone formation within 
individual remodeling events. Compared to classical histomorphometry 
on trabecular bone, we did not achieve a direct dynamic measure of 
mineral apposition rate, bone formation rate and activation frequency of 
bone formation. 

4.7. Conclusions and perspectives 

This study shows that alendronate causes accumulation of eroded 
pores reflecting an extended reversal-resorption phase, as the preva-
lence of formative pores decrease in the treated group. These findings 

are similar to our previous results in trabecular bone [19], highlighting 
that bisphosphonates affect both the trabecular and cortical compart-
ment. Moreover, that this bisphosphonate-induced accumulation of 
eroded pores interpreted as a prolonged reversal-resorption phase was 
primarily evident after three years of treatment, suggesting that treat-
ment duration matters. According to this concept one may speculate that 
even longer treatment would cause an extended accumulation of eroded 
pores, which would merge and form enlarged eroded cavities, as 
recently reported in the atypical femoral fracture site of a long-term 
bisphosphonate user [54]. Further studies are needed to validate the 
importance of this concept in bisphosphonate-related AFFs. 
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