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Abstract

Atypical femur fracture (AFF), a serious complication of long-term bisphosphonate therapy;, is
usually preceded by an incomplete fracture appearing on the lateral femur. AFF is most likely the
result of severely suppressed bone turnover (SSBT). However, the differences in bone structure
and turnover between patients with incomplete and complete AFF remain unknown. We examined
trans-iliac bone biopsies from 12 white postmenopausal women with AFF (incomplete = 5;
complete = 7) on BP therapy of >5 years, and 43 healthy white premenopausal women.
Histomorphometric measurements were performed separately in cancellous, intra-cortical and
endosteal envelopes. Of the 43 histomorphometric measurements on 3 difference bone surfaces
(cancellous, intracortical and endosteal), only 2 bone resorption variables (Oc.S/BS & Oc.S/NOS)
on the endosteal surface, were significantly lower in patients with complete AFF than those with
incomplete AFF. Compared to healthy premenopausal women, the trabecular bone volume,
thickness and number were all significantly lower in patients with AFF. The dynamic bone
formation variables in patients with AFF were significantly reduced on all bone surfaces. The
likelihood of a biopsy with no tetracycline labeling was significantly higher in AFF patients than
in healthy premenopausal women. Based on these results, we conclude that there are no significant
differences in bone turnover between patients with incomplete and complete AFF, suggesting that
the suppression of bone turnover had already existed in the femur with incomplete AFF. Compared
to healthy premenopausal women, bone turnover is similarly suppressed in patients with either
type of AFF.
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INTRODUCTION

Bisphosphonates (BPs) are commonly used for prevention and treatment of osteoporosis [1].
The anti-fracture efficacy of BPs is well established during the first 3-5 years of treatment
[2, 3], but their risk benefit ratio beyond 5 years is less clear [4] because of the growing
concern about low energy femoral shaft and sub-trochanteric fractures, collectively referred
to as atypical femur fractures (AFF) [5-7]. AFFs include incomplete and complete patterns
seen on plain radiographs [8]. Incomplete AFF is characterized by cortical thickening
associated with a beaking or bump at the lateral cortex of the femur, in which a transverse
fracture line is often visible [8]. However, several recent reports indicate that fracture line is
not always seen in the bumps at lateral cortex of the femur [9-14]. Complete AFF,
progressing from an incomplete fracture, extends through both cortices and usually has a
medial spike, the fracture is in transverse or short-oblique orientation, and mostly not
comminuted [8].

BPs reduce bone turnover by inhibiting osteoclastic bone resorption [15], a necessary
requirement, for their therapeutic efficacy in patients with osteopenia and osteoporosis [16].
However, prolonged BP therapy, especially in higher doses, may suppress bone turnover to
an extremely low level, impairing normal bone renewal [5]. This severely suppressed bone
turnover (SSBT) could attenuate microdamage repair and, consequently, compromise bone
mechanical and physical properties [8, 17, 18]. Recently, Iwata et al [19] reported a case
with 9-year BP treatment having large amount of microdamage in the thickened cortex at the
site near AFF as well as SSBT in the iliac bone biopsy, suggesting that SSBT is the most
likely potential link between prolonged BP use and the development of AFF.

Whether there is a difference in bone turnover between patients with incomplete and
complete AFF remains unclear. Regardless, bone turnover is essential to replace old and
damaged bone with new bone to maintain bone quality. When bone turnover is severely
suppressed, it is very likely to compromise bone material properties. Since not all
incomplete AFFs will progress to complete AFF [20], we speculate that bone turnover
would be more severely suppressed in patients with complete AFF than those who present
with incomplete AFF. Additionally, we postulate that the bone turnover rate in patients with
either incomplete or complete AFF is significantly below the normal level. The reference
values used to verify the suppression of bone turnover in AFF patients have been derived
from postmenopausal women [5]. However, the reference values for normal bone turnover
should ideally be obtained from premenopausal women [21, 22], because the rate of bone
turnover is significantly increased after menopause, which is a major contributor to
postmenopausal osteoporosis [23]. Thus, if the bone turnover rate in postmenopausal women
declines to the premenopausal level following BP treatment, it cannot be inferred as SSBT.
In other words, SSBT is confirmed only when the bone turnover rate falls below the
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premenopausal level; this is somewhat analogous to calculating T-sore for bone mineral
density. In the present study, we investigated the effect of SSBT on the development of AFF.

We examined bone turnover status on the cancellous, intracortical and endosteal surfaces in
trans-iliac bone biopsies from patients with incomplete and complete AFF after long-term
BP treatment (> 5 years) as well as from normal healthy premenopausal women. We decided
a priorito pool data from the 2 patient groups, only if there were no significant differences
in bone turnover indices between the groups, to compare with the premenopausal women.
Otherwise, each group would be compared separately with data from the normal
premenopausal women.

MATERIALS AND METHODS

Subjects

Twelve patients with AFF (7 complete and 5 incomplete) were recruited through our routine
clinical practice from 2004 to 2014. All were white postmenopausal women on long-term
BP treatment and all were treated with alendronate at a dose of 10 mg/day or 70 mg/week
for >5 years, in addition to 1000 mg calcium and 400-800 U vitamin D supplements daily.
No patient was on corticosteroids or other medications known to inhibit bone turnover
during BP treatment. Antero-posterior (AP) radiographs of the femurs were obtained in each
patient. All patients were recruited consecutively without any ascertainment bias. The time
interval between AFF (complete or incomplete) diagnosis and bone biopsy was < 6 months
in all patients.

Forty-three white premenopausal women were recruited between 1981-1993 as part of a
larger study of the effect of age & menopause on bone structure and remodeling, the details
of which have been published [24, 25]. All subjects were skeletally healthy according to the
prevailing standard criteria [24], and served as the comparator group for the patients with
AFF.

An informed consent was obtained from each subject. The study was approved by the
Institutional Review Board of Henry Ford Hospital.

The Radiographic Diagnosis of AFF and Group Assignment

Incomplete AFF was determined directly when a thin fracture line was seen in the thickened
cortex and/or bump(s) at the lateral femur on the initial radiograph (Fig 1A). Isotope bone
scan was performed only when a fracture line was not seen (Fig 1B); incomplete AFF was
confirmed by the focal accumulation of radioactive materials at the site of thickened cortex
(Fig 1C). Complete AFF were located either in the sub-trochanteric or diaphyseal region of
the femur. In addition to the lateral cortical thickening, the fracture line was in transverse or
short oblique orientation passing through the whole femur and often associated with medial
cortical spike (Fig 1D).

Based on the radiographic features in both femurs, the patients were assigned to incomplete
or complete AFF groups [26]. The patients in incomplete AFF group had unilateral or
bilateral incomplete fracture. Similarly, the patients in complete AFF group had unilateral or
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bilateral complete fracture. Patients were also assigned to complete AFF group if they had
incomplete and complete fractures concomitantly in different femurs.

Bone histomorphometry

Statistics

Before biopsy, all subjects received in vivo double tetracycline labeling with an inter-label
time of 14 days. A cylindrical trans-iliac bone biopsy core with intact cortices, was obtained
using a 7.5 mm trephine, and processed, embedded, sectioned, stained and examined as
previously reported [24, 25]. All bone histomorphometric variables were designated in
accordance with the nomenclature recommended by the American Society for Bone and
Mineral Research (ASBMR) [27]. The static histomorphometric indices were measured in
sections stained with modified toluidine blue method, and the dynamic remodeling indices
were measured in unstained sections [24].

The parameters related to bone structures included total bone volume per tissue volume
(BVITV, %), trabecular thickness (Th.Th, pm) and number (Th.N, #/mm?), and cortical
thickness (Ct.Th, um). Th.Th and Th.N were calculated indirectly from the bone surface to
volume ratio and BV/TV. Static and remodeling indices were measured separately on the
cancellous, intracortical and endosteal surfaces. The static indices included osteoid and
eroded surfaces as a fraction of bone surface (OS/BS, % and ES/BS, %); wall thickness
(W.Th, um; the average distance between the cement line and the quiescent bone surface);
and osteoid thickness (O.Th, um), measured directly on the bone surface with osteoid. The
surface lengths covered by osteoblasts and osteoclasts (Ob.S and Oc.S) were measured
separately and expressed as a fraction of bone surface (Ob.S/BS, % and Oc.S/BS, %), as
well as a fraction of osteoid surface for Ob.S (Ob.S/OS, %) and as a fraction of non-osteoid
surface for Oc.S (Oc.S/NOS).

The dynamic remodeling indices were also measured separately on the cancellous, intra-
cortical and endosteal surfaces. The double and single tetracycline labeled surfaces
represented the extent of bone surface where mineralization was in progress (mineralizing
surface, MS) during the period of tetracycline administration, from which the MS as a
fraction of total bone and of osteoid surfaces (MS/BS, % and MS/OS, %) were calculated.
Mineral apposition rate (MAR, um/day) was obtained from the average distance between the
two tetracycline labels divided by the interval of administration (14 days in our study). Bone
formation rate at the surface level (BFR/BS, pm3/um?2/year) were calculated as MAR x (MS/
BS). Activation frequency (Ac.f, #/year), the annual probability of activation of a new
remodeling site at any given locus on the bone surfaces, was derived from BFR/BS)/W.Th.
For the surface containing only a single label, a minimum value of 0.1 pm/day was assigned
to MAR.[28] If no label was present, MAR was treated as a missing value, and MS/BS and
BFR/BS were assigned a zero [25].

The difference for each variable in cancellous, intra-cortical and endosteal envelopes was
compared between patients with incomplete and complete AFF, and between the pooled
incomplete and complete AFF patients and healthy premenopausal women using student ¢
tests. Mann-Whitney test was used when the variables were not normally distributed.
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Bonferroni correction was applied for multiple comparisons, and only the p values after
Bonferroni correction at the relevant level were considered statistically significant. The
proportional data of different bone surfaces with no tetracycline labeling were compared
between AFF patients and healthy premenopausal women using Fisher’s Exact test.
Differences were considered statistically significant at p <0.05 (or after Bonferroni
correction as indicated in the tables) on a two-tailed test.

The low frequency of complete (n = 7) and incomplete (n = 5) AFF constrained the available
sample size. With a sample size of 12 AFF Vs. 43 normal, and a Bonferroni adjusted a of
0.003125, the effect size detectable with 80% power is 1.3, and for comparison of complete
vs incomplete AFF, the detectable effect size is a very large 2.9.

Demographic characteristics of patients with incomplete and complete AFF

The demographic characteristics of patients with incomplete and complete AFF are shown in
Table 1. There was no difference in the duration of BP treatment between patients with
incomplete and complete AFF (9.40 + 4.04 Vs. 7.71 £ 4.31 years). Patients with incomplete
AFF were older than patients with complete AFF, but the difference was not significant
(72.4 £5.32 Vs, 61.0 £ 12.0 years, p = 0.077). Of the 12 patients, 6 suffered from bilateral
femur abnormalities (2 patients each with bilateral incomplete AFF, bilateral complete AFF,
and mixed incomplete and complete AFF). In total, 18 femurs were affected; 9 each with
incomplete and complete AFF. Thigh pain, the predominant symptom, occurred in all
femurs with complete AFF (9/9; 100%), but in only one femur with incomplete AFF (1/9;
11%). Of the 9 femurs with incomplete AFF, only 2 (22%) showed fracture line within the
thickened lateral cortex, the remaining 7 without a fracture line were confirmed by isotope
bone scan.

Bone histomorphometry

Comparison between patients with incomplete and complete AFF—Except for
the 2 bone resorption indices (Oc.S/BS & Oc.S/NOS) on the endosteal surface, which were
nominally significantly (i.e., before the Bonferroni correction) lower in patients with
complete AFF (Table 4), all other variables in biopsy did not show significant differences
between these 2 groups. (Tables 2-4). Accordingly, the data from the two groups were
pooled (and henceforth referred to as AFF patients) for the comparison with the data from
healthy premenopausal women.

Comparison between AFF patients and healthy premenopausal women—As
expected, there was a significant difference in cancellous bone structure between AFF
patients and premenopausal women (Tables 2 and 3). BV/TV, Th.Th and Th.N were all
significantly decreased in patients with AFF.

Except for W.Th on the intracortical surface, and Ob.S/OS on the endosteal surface, most of
the static bone formation variables were significantly reduced in AFF patients as compared
with premenopausal women (Tables 2—4). Bone resorption variable, ES/BS, was
significantly reduced on the cancellous and endosteal surfaces, but non-significantly reduced
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on the intracortical surface in AFF patients (Tables 2-4). However, after Bonferroni
correction, the difference in ES/BS was significant only on the endosteal surface. There was
no significant difference in osteoclast variables (Oc.S/BS & Oc.S/NOS) between AFF
patients and premenopausal subjects on any of the bone surfaces (Tables 2-4).

Compared to the premenopausal women, the dynamic bone formation variables in AFF
patients were significantly lower on all the bone surfaces (Tables 2—4). The mean MS/BS
was reduced by 86.7%, 69.6% and 85.3% on the cancellous, intra-cortical and endosteal
surfaces respectively. The mean values of MAR, BFR/BS and Ac.f were decreased,
respectively, by 64.7%, 95.4% and 96.3% on the cancellous surface; by 60.6%, 89.7% and
89.2% on the intracortical surface and by 34.5%, 89.6% and 95.7% on the endosteal surface.
All the differences in dynamic bone formation variables remained significant even after
Bonferroni correction for multiple comparisons between AFF patients and premenopausal
women (Tables 2—-4). Of the 12 patients with AFF, 5 had no tetracycline labeling in
cancellous bone, whereas 3 of them had no label at all in the whole biopsy. The likelihood of
missing labels on each bone surface was significantly higher in AFF patients than in
premenopausal women (Table 5)

DISCUSSION

It is now well established that long term BP treatment can result in AFF, the risk of which
ranged from 0.023% to 0.13% [29-31]. However, there is no systematic study regarding the
development of AFF. There are at least 3 different reported radiologic phenotypes of AFFs
in patients on long term BP therapy: complete AFF, incomplete AFF with a discernable
fracture line, and incomplete AFF without a fracture line [7, 8, 26]. The first 2 types
conform to the current definition of the ASBMR-Task Force, but not the last [7, 8]. Our
results showed that 7/9 (78%) incomplete AFFs were not associated with a discernable
fracture line in the bump on lateral femoral cortex. Such incomplete AFFs can be easily
confirmed by a positive isotope bone scan or an MRI [12, 14, 32]. In a study of Koh et al
[20], all 4 patients with complete AFF had a fracture line across the thickened cortex seen in
pre-AFF radiographs. In contrast, of the 12 femurs with incomplete AFF that did not
progress to complete AFF, only one (8.3%) femur had such a fracture line. In a very recent
and rather elegant semi-quantitative study, Min et al [26] found that about 60% (10/17) of
the incomplete AFFs progressed to complete AFF within 6 months when there was a
fracture line, but only 10% (3/29) did so when there was no fracture line [20]. These data
suggest that the risk of progressing to complete AFF is significantly increased in patients
with a fracture line across the thickened cortex [20, 26], and imply that the nature and scope
of bone injury may be different in incomplete AFFs with and without a fracture line.

AFFs most certainly represent stress fractures in an insufficient bone [32]. Although local
thickening or visible callus or both are almost always present at the site of a stress fractures,
a fracture line cannot always be demonstrated by standard x-rays [20, 32, 33]. Using
radiological and histological examinations, Uhthoff et al [33] provided sufficient evidence
that the periosteal reaction occurred at a site of increased stress in the absence of an actual
fracture. It is highly likely that in patients on long-term BP treatment such stage-wise
scenario often occurs in AFFs as they progress from incomplete AFF without a fracture line
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to incomplete AFF with a fracture line, and finally to a complete AFF [20, 26]. This also
may explain the wide variability in clinical presentation (with or without preceding pain).
Such progressive stages are probably related to the deterioration of bone material properties,
including alteration of collagen cross-linking, hypermineralization with reduced
heterogeneity and decreased vascularity, etc. [8], all of which increase bone fragility
resulting in microdamage in bone matrix. Accumulation of microdamage would stimulate
periosteal reaction to form external callus [20, 34], but bone continuity remains intact (i.e.,
no discernable fracture line). We suggested that these changes be designated as “prodromal
bone deterioration (PBD)” instead of incomplete AFF, since the damage to bone is at the
nano/micro-scale without necessarily breaking the bone continuity. Synthesizing from our
data and literature review, we believe that most of the so-called incomplete AFFs may
actually be PBDs [20].

In this study, we did not find significant differences in either bone structure or turnover
between patients with incomplete and complete AFF, suggesting that the abnormality of
bone structure and suppression of bone turnover had already existed in the femur prior to
incomplete fracture. The histomorphometric results showed that compared to premenopausal
women the trabecular bone volume, number and thickness were all significantly decreased in
AFF patients, implying that the cancellous bone deficit, particularly in women with
osteoporosis, was not restored to the premenopausal level even after >5 years of BP
treatment. In contrast, there was no significant difference in cortical bone volume and
thickness between AFF patients and premenopausal women, consistent with predominantly
cancellous bone loss in postmenopausal women [24]. The major anti-fracture effect of BPs
is through inhibition of osteoclastic bone resorption rather than stimulation of osteoblastic
bone formation [15]; this scenario can prevent further bone loss but slightly increase the pre-
existing bone mass [33]. Accordingly, long-term use of BPs for osteoporosis could preserve
cortical bone but cannot restore cancellous bone to the premenopausal level.

We found that bone turnover in AFF patients was significantly below the premenopausal
level, with mean reductions of 70-87% in MS/BS, and of 90-95% in BFR/BS and Ac.f on
different bone surfaces. Double-labels were present in 67% of the AFF patients, and 3
patients (25%) had no tetracycline labels in their entire bone biopsy specimens. Recker et al
[22] reviewed several studies and concluded that bone turnover, as measured by Ac.f, in
postmenopausal osteoporosis patients declined to the premenopausal level after 3—>5 years
of BP treatment. Double-labels were present in 99% of the biopsy samples overall (range
94-100%; including double-labels in the cortical and endosteal envelopes) [22]. These
findings differ markedly from the results in AFF patients on long-term BP treatment. Odvina
et al [5] reported that double-labels were missing in all the 9 patients with AFF while on
alendronate therapy for 3-8 years, in whom 5 biopsy samples revealed occasional single
tetracycline labels. Miller et al [34] reported that 7 (47%) of the 15 AFF patients had
undetectable labeling in iliac cancellous bone. These data suggest that patients with SSBT
are more likely to develop AFF after prolonged BP treatment.

The major effect of BPs is to inhibit osteoclastic bone resorption [15]. The static
histomorphometric data showed that bone resorption, as measured by ES/BS, was reduced
on cancellous and endosteal surfaces in AFF patients. A combination of decreased ES/BS
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and MS/BS suggests that the replacement of old or damaged bone with new bone was
significantly reduced in AFF patients. Interestingly, the osteoclast surface, represented by
0Oc.S/BS and Oc.S/NOS, was not decreased in patients with AFF. This appears paradoxical
to the known actions of BPs to inhibit osteoclastogenesis and promote osteoclast apoptosis
[35, 36]. Weinstein et al [37] reported that the number of osteoclasts was increased after 3
years of alendronate treatment, but approximately one third of these osteoclasts were giant,
hyper-nucleated and detached from the bone surface. Jobke et al [38] found that the bone
erosion surface and depth were significantly reduced after BP treatment, but the osteoclast
surface remained unchanged, similar to our results. These findings suggest that decreased
bone resorption after BP treatment is mainly due to reduced (or abrogated) osteoclast
function rather their numbers.

There were several limitations in the present study. First, this was a retrospective study with
small sample size, which might have contributed our inability to detect differences between
the PBD and AFF groups. For instance, 3-5 fold differences were observed in Oc.S/BS (%)
and Oc.S/NOS % in Tables 2 and 4, respectively, which could not be declared statistically
significant. Second, we do not have bone biopsies from patients treated with BP but without
AFF. Third, due to lack of a control group, we are unable to determine the association
between BP treatment adherence and atypical fractures. Fourth, biopsies were not obtained
from the site of AFF. Although the pharmacological intervention may produce different
effects on bones with and without load-bearing [39], the iliac bone biopsy is still preferred
for studies on bone turnover in patients with AFF [5, 40, 41]. In addition, bone turnover at
the site of AFF would be stimulated during fracture healing [5, 42]; this focal increase in
bone turnover may cause misjudgment of the changes of overall bone turnover elsewhere in
the skeleton in patients with BP treatment. Finally, biopsy of the femur bone is impractical
(perhaps may even be harmful) to obtain from patients with PBD and AFF.

In conclusion, we found no significant differences in bone structure and turnover between
patients with incomplete and complete AFF, suggesting that the suppression of bone
turnover had already existed in the femur with incomplete AFF. Compared to normal
premenopausal women, bone turnover was severely suppressed in AFF patients.
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Fig 1.

Ci?aracteristics of incomplete and complete atypical femoral fracture (AFF). A) incomplete
AFF can be diagnosed when an anterior-posterior radiograph of the femur shows a
transverse fracture line appearing in a bump at the thickened lateral cortex (arrow); B)
incomplete AFF is suspected when the radiograph shows thickened lateral cortex but no
obvious fracture (arrow); C) the suspected incomplete AFF in Fig B is confirmed by positive
isotope bone scan (arrow); D) complete AFF is a complete transverse fracture located in the
femoral diaphysis.
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Table 1

Demographic characteristics of patients with incomplete and complete AFF, and normal premenopausal

women
Incomplete AFF  Complete AFF  Premenopausal

Number of patients 5 7 43
Gender All female All female All female
Race All white All white All white
Age (years, mean(SD)) 72.4 (5.32) 61.0 (12.0) 37.4(7.84)
Type of BP Alendronate Alendronate -
Duration of BP use (years, mean(SD)) 9.40 (4.04) 7.71 (4.31) -
Affected femurs 9 9 -
Affected femurs with prodromal symptoms 1/9 (11%) 9/9 (100%) -
Incomplete fracture with fracture line 2/9 (22%) - -
Patients with bilateral femur Involvement 2 4% -

*
Two patients had bilateral AFF and other 2 mixed AFF and PBD
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Comparison of bone surfaces without tetracycline labeling between AFF patients and premenopausal women

Bone Surface With Label Without Label p
Cancellous
Normal 43 (100) 0 (0) <0.001
AFF 7(58.3) 5 (41.7)
Intracortical
Normal 42 (97.7) 1(2.33) 0.001
AFF 7(58.3) 5 (41.7)
Endosteal
Normal 39 (90.7) 4(9.30) <0.001
AFF 4(33.3) 8 (66.7)
All Surfaces
Normal 43 (100) 0 (0) 0.008
AFF 9 (75.0) 3(25.0)

Data expressed as number (percent)
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