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Abstract Roux-en-Y gastric bypass surgery (RYGB) is
an effective treatment of morbid obesity, with positive
effects on obesity-related complications. The treatment is
associated with bone loss, which in turn might increase
fracture risk. The aim of this study was to evaluate changes
in bone mineral density (BMD) and bone architecture
assessed using dual-energy X-ray absorptiometry (DXA)
and high-resolution peripheral quantitative computed
tomography (HR-pQCT), 6 and 12 months after RYGB,
and correlate them to changes in selected biochemical
markers. A prospective cohort study included 25 morbidly
obese patients (10 males, 15 females). Patients were
examined with DXA of the hip and spine, HR-pQCT of
radius and tibia, and blood sampling before and 6 and
12 months after RYGB. Patients lost in average
33.5 + 12.1 kg (25.8 £ 8.5 %) in 12 months. In tibia, we
found significant loss of total, cortical and trabecular
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volumetric BMD after 12 months (all p < 0.001).
Microarchitectural changes involved lower trabecular
number, increased trabecular separation, and network
inhomogeneity along with thinning of the cortex. Estimated
bone failure load was decreased after 12 months
(»p = 0.005). We found only minor changes in radius.
Results demonstrate significant alterations of bone
microarchitecture suggesting an accelerated endosteal
resorption along with disintegration of the trabecular
structure which resulted in a loss of estimated bone
strength in tibia. Such changes may underlie the recently
reported increased risk of fracture in bariatric patients after
surgery. We only observed bone structural changes in the
weight-bearing bone, which indicates that mechanical un-
loading is the primary mediator.

Keywords Roux-en-Y gastric bypass - Obesity - Bone
microarchitecture - Bone strength - HR-pQCT

Introduction

Morbid obesity, defined as a body mass index
(BMI) > 40 kg/m?, is an increasing health problem. Bari-
atric surgery has become a popular treatment of obesity,
when conservative methods are ineffective. One of the
frequently used bariatric surgeries is Roux-en-Y gastric
bypass (RYGB), which involves anatomical changes of the
gastrointestinal tract, resulting in a significantly smaller
reservoir for food, as well as induced malabsorption. The
treatment has proven successful in significantly reducing
weight and also has positive effects on type 2 diabetes,
cardiovascular disorders, fertility, sleep apnoea, and other
obesity-related complications [1, 2]. However, the proce-
dure entails several short- and long-term risks, and the
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impact of bariatric surgery on long-term skeletal health is
still poorly understood.

Malabsorption results in nutritional deficiencies such as
low vitamin D and hypocalcaemia, thereby causing sec-
ondary hyperparathyroidism, which is a well-known com-
plication of RYGB [3].

Previous studies have established a complicated
interplay between bone and adipose tissue, however,
the exact role of e.g. adipokines like leptin and adi-
ponectin remains uncertain [4]. Leptin is produced by
adipocytes, and leptin levels are directly dependent on
fat mass. Also, high fat mass is related to leptin
resistance [5, 6]. Leptin exerts both formative and
resorptive remodelling of bone [7]; however, the
overall role remains unclear.

The role of adiponectin, also produced in adipose tissue,
in bone remodelling is controversial; however, most studies
reported an anti-osteogenic effect [8, 9].

Furthermore, it has been established that changes in
mechanical loading influence bone [10-12], but whether
this influences bone fragility and fracture risk is an on-
going area of investigation. Most studies have found a
site-dependent difference in fracture risk in obese com-
pared to normal-weight individuals, where fractures at
the hip and pelvis were less prevalent and fractures at
the humerus were more prevalent [4, 13—-16]. Only a few
studies have evaluated the risk of fracture in patients
following bariatric surgery. One study found no
increased risk of fracture [17], whereas a recent study
report a 2.3-fold increased risk of fracture at any site
[18]. Thus, changes in bone after bariatric surgery may
compromise bone strength and lead to an increase in
fracture risk.

Effects on bone after RYGB have primarily been
evaluated by dual-energy x-ray absorptiometry (DXA) [9,
19, 20]. However, DXA precision declines with increas-
ing BMI [21] and studies have shown errors in DXA
measurement up to + 20 % [22, 23]. Thus, it is possible
that artefacts related to DXA measurements, could distort
the observed changes in bone mineral density (BMD)
[22-25].

Three previous studies have evaluated skeletal chan-
ges after RYGB by DXA, quantitative computed
tomography (QCT) and high-resolution peripheral com-
puted tomography (HR-pQCT) and find decreased volu-
metric BMD (vBMD) of both hip and spine by QCT and
radius and tibia by HR-pQCT [24, 26, 27].

To further elaborate effects on bone after RYGB, the
aim of this study was to evaluate changes in BMD and
bone architecture as assessed using DXA and HR-pQCT, 6
and 12 months after RYGB and subsequently correlate
them to changes in selected biochemical markers.
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Participants and Methods
Participants

The study group included 25 patients at baseline and
6 months follow-up (10 males, 15 females). Between 6 and
12 months one female patient was lost to follow-up.

Inclusion of patients was conducted at pre-operative
information meetings between October 2011 and August
2012 at the Nutrition Clinic, Department of Endocrinology,
Odense University Hospital and from the Department of
Endocrinology, Hospital of Southwest Denmark.

All invited participants fulfilled the Danish national
guideline criteria for referral to RYGB, which was age
>25 years and BMI > 35 kg/m? plus at least one obesity-
related complication or BMI > 50 kg/m®. All included
patients had undertaken an 8 % voluntary weight loss
driven by dietary restriction in a 3-12 months period
before surgery, as required by the national guidelines.

The RYGB surgery was performed at two public hos-
pitals (Esbjerg and Odense) in the Region of Southern
Denmark by the same surgeon at each location. The RYGB
procedure involved creating a 20-ml gastric pouch, a
150-cm Roux-limb and a 60-cm biliopancreatic limb.

After surgery, patients were recommended a supple-
mental daily intake of 800 mg calcium and 1920 IU vita-
min D. Mineral og vitamin status was assessed after 6 and
12 months and supplements were adjusted if necessary.

Exclusion criteria were any competing bone disease, on-
going use of medication with influence on bone, inability to
walk without walking aids, perimenopausal status (defined
as irregular periods or last bleeding <1 year ago) or
pregnancy. Patients with biochemical conversion from
premenopausal to peri- or postmenopausal status under
follow-up were excluded from data analysis.

Medical History

At baseline, medical and fracture history (all fractures,
including traumatic), as well as medications, and meno-
pausal status when relevant, were obtained by
questionnaires.

Blood Sampling and Analysis

All patients had blood samples drawn, after an overnight
fast, at each visit. Parathyroid hormone (PTH), estradiol,
follicle stimulating hormone (FSH) and luteinizing hor-
mone (LH) were analysed on the day of blood sampling.
Parathyroid hormone was analysed by a solid-phase, two-
site chemiluminescent enzyme-labelled immunometric
assay (Immulite 2000, Siemens). Estradiol was analysed by
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a chemiluminescence method using a micropartial
immunoassay (Abbott) and LH/FSH was analysed by TR-
IFMAs (AutoDelfia, Perkin Elmer). The coefficient of
variation (CV) ranged from 4 to 6 %.

Another blood sample was frozen and stored at minus 80
degrees Celcius until analysis for 25-OH-Vitamin D, leptin,
adiponectin, procollagen type I amino-terminal propeptide
(P1NP-intact) and C-terminal telopeptide of type 1 colla-
gen (CTX-I). 25-OH-vitamin D was determined using the
Elecsys Vitamin D total electro-chemiluminescence bind-
ing assay on the automated Cobas e411 analyzer (Roche
Diagnostics, Rotkreuz, Switzerland). P1NP-intact and
CTX-I was analysed by a chemiluminescence method
using a fully automated immunoassay system (iSYS,
Immunodiagnostic Systems Ltd., Boldon, England). The
samples were analysed in a single run with the same batch
of the reagents/assay. Moreover, samples were analysed for
leptin and adiponectin using a Bio-Plex Pro assay (Bio-Rad
Laboratories, Hercules, CA, USA) on a MagPix analyser
system (Luminex Corporation, Austin, TX, USA). The
intermediary precision CV ranged from 8 to 10 %.

Dual-Energy X-ray Absorptiometry

Areal BMD (aBMD) was measured in the hip (femoral
neck, trochanteric region and total hip) and lumbar spine
(L1-L4) using DXA (Hologic Discovery, Waltham, MA,
USA). In addition, a DXA whole-body scan provided data
on body composition.

The CV at our unit was 1 % in both hip and lumbar
spine region.

High-resolution Peripheral Quantitative Computed
Tomography

Assessment of bone geometry, vVBMD, trabecular and
cortical microarchitecture and estimated strength at the
nondominant distal radius and tibia (or the dominant
extremity in case of previous fracture at the desired site)
was achieved using HR-pQCT (XtremeCT, Scanco Medi-
cal AG, Briittisellen, Switzerland). The image acquisition,
image analysis and validation of the method have been
described in detail elsewhere [28-31]. In brief, a 2D
radiograph was obtained and the region of interest (ROI)
was positioned with a 9.5 mm and 22.5 mm offset from the
radius and tibia endplate, respectively, and extended
9.02 mm proximally. Each image comprised 110 slices
with an isotropic 82-um voxel size. The operator imme-
diately viewed the most distal slice for motion artefacts
(e.g. blurring or cortical discontinuities) and up to two
repeat acquisitions at each site were performed in case of
visible motion artefacts. After reconstruction, image qual-
ity was graded by one author (S.Hansen) using a five-step

scale as suggested by the manufacturer (1 = best,
5 = worst) and images with grade >3 were disregarded
[32]. To ensure identical ROI at baseline and follow-up, an
automated matching procedure, based on changes in bone
area throughout the scan region, was applied [33]. Changes
in total bone area were, however, assessed using unmat-
ched images. First, trabecular bone evaluation was per-
formed using the manufacturer’s default method, where
trabecular bone volume per tissue volume (BV/TV) was
calculated from trabecular vBMD assuming a mineral
density of fully mineralized bone of 1.2 mg hydroxyapatite
(HA)/mg3 [33]. Trabecular number (Tb-N) was extracted
using a distance transformation method, whereas trabecular
thickness (Tb-Th) and trabecular separation (Tb-Sp) were
derived from BV/TV and Tb.N [Tb-Th = (BV/TV)/Tb.N;
Tb.Sp = (1 — BV/TV)/Tb.N]. Also, the standard deviation
(SD) of 1/Tb-N was calculated, serving as an index of
trabecular network inhomogeneity. Second, an automatic
cortical bone analysis based on a dual-threshold approach
was applied, which isolates the cortical region and allows
for a direct 3D measure of cortical thickness, along with
measures of cortical porosity (percent void cortical vol-
ume/total cortical volume) and mean cortical pore diameter
[34, 35]. Finally, bone strength was estimated in a finite
element analysis (FEA) solver using software provided by
the manufacturer (WFE Element Analysis Solver v.1.15;
Scanco Medical, Briittisellen, Switzerland) as described by
Pistoia and colleagues [36]. Voxels representing bone were
converted into eight-node brick elements and boundary
conditions represent a high-friction compression test.
A Young’s modulus of 10 GPa and a Poisson’s ratio of 0.3
were applied. From the models, estimated bone stiffness
was calculated along with an estimate of bone failure load,
based on the assumption that the bone fails if >2 % of the
elements are strained beyond 0.7 % [36].

In our unit, the CV for geometry, vBMD, microarchi-
tecture and FEA measures ranges from 0.2 to 7.2 % as
detailed elsewhere [37].

Statistical Analysis

Data are reported as mean £ SD or median and
interquartile range (25;75 percentiles) as appropriate. Cat-
egorical outcomes were evaluated by the y* test. DXA and
HR-pQCT data were evaluated by a paired ¢ test or Wil-
coxon signed-rank test as appropriate, whereby each
patient were considered their own control.

Univariate linear regression models were performed to
identify associations between baseline age and gender and
changes in bone parameters in tibia after 1 year. Also
linear regression analysis of one-year changes in total
weight, lean mass, PINP, CTX-I, adiponectin, leptin and
25-OH-vitamin D versus one-year changes in bone
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parameters in tibia (only performed for those bone
parameters that changed significantly from baseline to
1 year). Multiple regression analysis was used to identify
the contribution of gender, age and one-year change in
weight on one-year changes in bone parameters in tibia.
P-values < 0.05 were considered statistically significant.
STATA version 13.1 (StataCorp LP, College Station, TX,
USA) was used for data analysis and graphics. GraphPad
Prism version 6 (Graphpad Software Inc., San Diego, CA,
USA) was used for graphics.

Results
Study Population Characteristics and Biochemistry

Of thirty-one eligible patients, one was excluded due to
osteoporosis at baseline DXA, one was excluded due to
kidney disease and need for dialysis and four women
changed from pre- to perimenopausal status during follow-
up and were excluded from data analysis (Fig. 1). No
patients were excluded due to weight limits of DXA or HR-
pQCT. Thus, 25 patients (15 women, 10 men) were
included in the study. One of the 15 women was post-
menopausal. The patients had a baseline age of
41.2 £ 8.1 years (Table 1) and had a pre-operative height
and weight of 172.4 £ 9.5 cm and 126.0 (111.0;143.8) kg,
respectively. Patients presented a substantial weight loss of
255 £7.0kg (20.0 £ 4.9 %) at 6 months post-opera-
tively, which increased to 33.5 £ 12.1 kg (25.8 &+ 8.5 %)
after one year.

A significant increase in both PINP and CTX-I was
observed after 6 (46.7 & 66.0 % and 111.7 £ 101.4 %
both p <0.001) and 12 months (51.4 £ 65.2 % and
96.6 £ 99.4 % both p < 0.001). At baseline, patients pre-
sented with low 25-OH-Vitamin D (35.9 nmol/L
(23.4;47.7), which increased to normal levels post-opera-
tive (6 months: 60.4 nmol/L (47.2;75.1); 12 months:
57.4 nmol/L (45.5;68.2) both p < 0.002). No statistically
significant change was observed in PTH.

117 at information

meeting 31 eligible patients

Furthermore, we found a significant decrease in leptin
(6 months: —63.4 % (—75.0;—50.3); 12 months: —70.7 %
(—87.4;—61.0) both p < 0.001) and an increase in adipo-
nectin (6 months: 55.9 £+ 46.7 %; 12 months:
115.0 & 84.9 % both p < 0.001).

DXA

One year after RYGB both spine (-3.1 £ 3.5 %;
p <0.001) and total hip aBMD (—8.1 £ 4.8 %;
p < 0.001) declined significantly (Table 1). At baseline,
patients had a median total fat percent of 47.0 (40.4;49.9).
Following RYGB we observed a significant decrease in
both fat mass (6 months: —31.7 £ 7.6 %; 12 months:
—41.2 £ 18.5 % both p < 0.001), lean mass (6 months:
—105£48 % 12 months: —124 £ 68 %  both
p <0.001) and fat percent (6 months: —14.7 £ 5.9 %;
12 months: —32.1 £ 14.6 % both p < 0.001). We found
no changes in total body aBMD.

HR-pQCT

One radius image obtained at the six months visit was
discarded due to motion artefacts. All tibia images had
adequate quality.

In radius (Table 2), no statistically significant changes
were observed in bone geometry, VBMD or bone
microarchitecture after 6 months. After 12 months a slight
decrease in trabecular vBMD (—0.6 % (—2.6;0.7);
p = 0.04) along with decreased BV/TV (—1.5 £ 3.1 %;
p = 0.04) and increased network inhomogeneity (3.7 %
(—4.7;10.0); p = 0.04) were observed. No significant
changes in bone area, Tb-N, Tb-Th, Tb.Sp or FEA esti-
mated bone strength were found.

In tibia (Table 3), a slight decrease in total vBMD
(=04 % (—1.6;0.3); p = 0.04) was observed 6 months
post-operatively whereas no other indices were signifi-
cantly changed compared to baseline. After 1 year, tra-
becular area increased (0.5 & 0.7 %; p = 0.007) and
cortical area decreased (—3.2 4+ 3.4 %; p < 0.001),

25 included patients

86 did not meet inclusion criteria / |

1 baseline osteoporosis | 1 lost to follow-up at 12 months

declined

1 dialysis patient |

4 perimenopausal |

A4 \

25 included

31 eligible patients patients

Fig. 1 Flowchart of inclusion

@ Springer

\4

24 included
patients at 12
months




K. D. Frederiksen et al.: Bone Structural Changes and Estimated Strength After Gastric...

257

Table 1 Characteristics,
biochemistry and body
composition

Baseline 6 months 12 months
Number (total/women/men) 25/15/10 25/15/10 24/14/10
Height (cm) 1724 £ 9.5 - -

Weight (kg)
BMI (kg/m2)
Age (yrs)
Time between scans (days)
Menopausal status (pre/post/men)
HRT use (current/previous/never)
Previous fracture (n)
Smoking (current/previous/never)
PINP (normal range 27.7-127.6 pg/L)
CTX-I (Y
Adiponectin
Leptin
25 OH-vitamin D (>50 nmol/L)
PTH (normal range 1.1-6.9 pmol/L)
DXA

Total spine aBMD (g/cm?)

Total hip aBMD (g/cm?)
Whole-body DXA

Total fat mass (kg)

Total lean mass (kg)

Total fat percent (%)

Total bone area (sz)

Total aBMD (g/cmz)

126.0 (111.0;143.8)
42.9 (38.7:47.0)
41.2 + 8.06
14/1/10

0/4/21

12

4/6/15

40.3 (28.8:47.8)
0.442 + 0.226
3.49 (2.87:6.53)
41.9 (28.3;64.5)
35.9 (23.4:47.7)
4.40 (3.00;7.30)

1.09 (1.01;1.18)
1.12 £ 0.125

57.3 (46.5:67.1)
66.7 (60.3;80.9)
47.0 (40.4;49.9)
2279 + 224
121 £0.13

99.4 (85.2;113.4)°
33.4 (31.3;37.9)°
196 (181;223)
14/1/10

67.8 (48.5;87.0)°
1.10 &+ 0.53¢
5.25 (4.25;8.05)°
15.5 (8.9;21.9)°
60.4 (47.2;75.1)°
5.00 (3.50;6.00)

1.08 (1.03;1.14)
1.08 £ 0.141°

38.4 (32.4;46.4)°
59.2 (50.1;72.8)°
40.3 (34.0;44.9)°
2316 + 269
1.20 £ 0.12

91.7 81.3;111.2)°
30.8 (27.9:36.1)°
416 (393;434)
13/1/10

74.9 (58.3;89.4)°
1.07 & 0.48°

8.18 (6.08;11.55)°
10.5 (5.3;25.7)°
57.4 (45.5;68.2)°
4.15 (2.55;6.30)

1.05 (0.989;1.13)¢
1.04 + 0.143°¢

33.7 (25.6;37.8)°
60.4 (50.5;73.1)°
36.6 (29.1;41.3)°
2300 + 262
1.20 £ 0.12

! Normal range men = 0.12-0.75 pg/L; premenopausal women = 0.11-0.74 pg/L; postmenopausal

women = 0.14-1.35 pg/L

HRT hormone replacement therapy, P/NP procollagen type I amino-terminal propeptide, CTX-I C-terminal
telopeptide of type 1 collagen, PTH parathyroid hormone, aBMD areal bone mineral density

Significance level “p < 0.05 compared with baseline; °p < 0.01 compared with baseline; p < 0.001

compared with baseline

whereas total area was unchanged. We observed signifi-
cant cortical thinning after 12 months (—2.3 %
(—=5.6;—0.9); p = 0.049). Volumetric BMD in both the
trabecular (—0.7 % (—5.1;0.3); p = 0.003) and cortical
(—0.4 % (—1.4;0.1); p = 0.008) compartments declined,
along with an overall decrease in total vBMD
(—2.6 £ 2.5 %; p <0.001). In the trabecular compart-
ment, we observed a significant reduction in Tb.N
(—5.2 + 8.8 %; p=0.004), with increased Tb-Sp
(6.9 £ 10.6 %; p = 0.006). Bone volume per tissue vol-
ume decreased (—1.1 % (—5.4;0.0); p = 0.003) and tra-
becular network inhomogeneity increased (9.3 %
(—0.5;15.5); p = 0.003). No changes were observed in
cortical microarchitecture. By FEA, a significant decrease
in both estimated bone stiffness and failure load were
found after 1 year (—2.1 243 %; p =0.038 and
—2.3 £ 3.6 %; p = 0.005, respectively).

Regression Analysis

In univariate regression, we found that weight loss was
correlated to declines in total vBMD (r = 0.51; p = 0.011)
(Fig. 2). No significant correlations were found between
baseline age or gender and changes in bone parameters.

Increase in CTX-I was associated with declines in
cortical area (r = —0.52; p = 0.009), vBMD
(r=-041; p=0.049) and thickness (r = —0.49;
p = 0.015) and with an increase in trabecular area
(r =0.42; p =0.040). No significant correlations were
found between increase in PINP and changes in bone
parameters.

Increase in adiponectin was associated with decrease in
cortical thickness (r = —0.49; p = 0.015) while decreased
leptin was correlated to increase in Tb.N (r = —0.44;
p = 0.034).
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Table 2 Radius HR-pQCT

Baseline 6 months 12 months
n=25 n=24 n=24
Geometry
Total bone area (mmz) 326 &+ 101 332 + 98 332 £ 104
Trabecular area (mm?) 253 £ 91 257 £+ 89 256 £ 92
Cortical area (mm?) 67.8 £ 15.6 68.7 = 16.9 67.1 £ 164
Cortical thickness (mm) 0.942 + 0.161 0.944 £ 0.157 0.935 £ 0.165

Volumetric BMD
Total density (mg/cm?)
Cortical density (mg/cm®)
Trabecular density (mg/cm”®)
Trabecular microarchitecture
Trabecular BV/TV (%)
Tb-N (mm™")
Tb-Th (mm)
Tb-Sp (mm)
Network inhomogeneity (SD of 1/Tb.N)
Cortical microarchitecture
Ct.Po (%)
Mean pore diameter
Estimated strength, by FEA
Stiffness (kN/mm)
Failure load (N)

349 (290;383)
895 + 53
175 + 41

0.146 £ 0.034

2.21 (1.89;2.41)
0.065 (0.057;0.078)
0.382 (0.345;0.458)
0.152 (0.130;0.180)

1.38 (1.00;2.11)
0.151 (0.145;0.162)

89.7 (69.8;119.3)
4637 (3545;6198)

346 (299;384)
896 + 52
177 + 42

0.147 £ 0.035

2.21 (2.01;2.36)
0.067 (0.061;0.078)
0.375 (0.357;0.449)
0.152 (0.135;0.180)

1.32 (0.91;2.15)
0.152 (0.144;0.163)

94.8 (71.2;126.8)
4845 (3514;6379)

359 (295;376)
895 + 56
175 + 38

0.146 £ 0.032*
2.16 (1.91;2.28)
0.068 (0.064;0.076)
0.391 (0.367;0.459)
0.161 (0.142;0.176)*

1.34 (0.98;1.98)
0.155 (0.149;0.166)

97.2 (69.0;127.1)
4922 (3468;6513)

BMD bone mineral density, 7b-N trabecular number, 7b-Th trabecular thickness, 7b-Sp trabecular separation, SD standard deviation, Ct.Po

cortical porosity, FEA finite element analysis
* p<0.05

Increased 25-OH-vitamin D was associated with
reduced loss of trabecular vBMD (r = 0.45; p = 0.030)
and BV/TV (r = 0.44; p = 0.036).

In a multivariate regression analysis, determining the
joint contribution of gender, age and change in weight on
changes in the abovementioned bone parameters after
12 months, we found that the change in weight was posi-
tively associated with total vBMD (R2 = 0.26; p = 0.03).
None of the other factors contributed significantly.

Discussion

Examining microstructural bone changes after RYGB, we
found significant changes in both the trabecular and cortical
compartment in tibia after 12 months (Fig. 3). The changes
entail reduced cortical thickness, increased trabecular area
and unaltered total bone area, which could be explained by
altered endosteal bone remodelling. Speculatively, an accel-
erated bone remodelling combined with a net deficit in bone
formation compared to bone resorption may have caused
these alterations. This is in accordance with previous findings
[24, 26]. Only a few changes were observed in radius. We
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found that changes in bone parameters were not statistically
significant before 12 months, even though the highest rate of
weight loss and level of bone resorption marker was seen
6 months after surgery. Evaluated by DXA we found signif-
icant loss of aBMD in the hip after 6 months and both the hip
and spine after 12 months. This is in accordance with several
previous studies [9, 19, 38, 39]. We did not find any significant
changes in total aBMD by whole-body DXA, which might be
explained by an uneven site distribution of changes in aBMD.
Some [9, 40], but not all [24], previous studies found signif-
icant changes in whole-body DXA.

Loss of vBMD was associated with weight loss (Fig. 2),
which remained significant after controlling for age and
gender, and we found significant increases in bone turnover
markers without signs of secondary hyperparathyroidism at
both 6 and 12 months after RYGB.

Structural Changes in Radius and Tibia
We found only few significant changes in the non-weight-

bearing radius including changes in the trabecular compart-
ment, with increased trabecular vBMD, BV/TV and network
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Table 3 Tibia HR-pQCT

Baseline
n=25

6 months
n =25

12 months
n=24

Geometry
Total bone area (mm?)
Trabecular area (mm?)
Cortical area (mm?)
Cortical thickness (mm)
Mean perimeter (mm)
Volumetric BMD
Total density (mg/cm?)
Cortical density (mg/cm®)
Trabecular density (mg/cm>)
Trabecular microarchitecture
Trabecular BV/TV (%)
Tb-N (mm™})
Tb-Th (mm)
Tb-Sp (mm)
Network inhomogeneity (SD of 1/Tb.N)
Cortical microarchitecture
Ct. Po (%)
Mean pore diameter
Estimated strength, by FEA
Stiffness (kN/mm)
Failure load (N)

817 (648;898)
650 (511;705)
161 + 33
1.43 £ 0.23
111 (101;119)

338 £ 43
892 £+ 42
194 £ 35

0.162 + 0.029

233 £0.36

0.070 £+ 0.009
0.354 (0.323;0.407)
0.142 (0.120;0.162)

4.59 (3.73;7.01)
0.177 £ 0.018

264 £ 50
13368 + 2651

811 (663;896)
648 (513;705)
160 + 33
143 £ 0.21
111 (101;119)

336 + 43°
890 £ 43
193 + 33

0.161 =+ 0.028
2.28 + 0.38

0.071 £ 0.010
0.352 (0.327;0.407)
0.135 (0.1250.175)

5.00 (3.84;6.50)
0.178 £ 0.019

264 £ 56
13350 + 2861

814 (638;899)
661 (513;722)°
157 + 31°
1.40 + 0.20°
111 (101;119)

331 + 48°
882 + 49°
190 + 35°

0.159 + 0.029"
222 +0.38°

0.072 + 0.011
0.368 (0.332;0.453)°
0.151 (0.131;0.195)°

4.91 (4.01;6.31)
0.182 £ 0.022

261 + 55°
13208 =+ 2843°

Significance level *p < 0.05 compared with baseline; °p < 0.01 compared with baseline; °p < 0.001 compared with baseline

BMD bone mineral density, 7b-N trabecular number, Tb-Th trabecular thickness, Th-Sp trabecular separation, SD standard deviation, Ct.Po

cortical porosity, FEA finite element analysis

inhomogeneity. In contrast, in tibia, we found reductions in
total, trabecular and cortical vBMD. Furthermore, we found
decreases in cortical area and thickness along with signifi-
cantly altered trabecular microarchitecture with reduced
number of trabeculae, lower BV/TV and increased Tb.Sp.

Stein et al. [26] evaluated bone alterations in obese
women one year after RYGB or gastric banding using DXA
and HR-pQCT and found cortical deterioration of both
radius and tibia associated with secondary hyperparathy-
roidism. A recent study by Yu and colleagues [27] evaluated
patients after RYGB with DXA, QCT and HR-pQCT and
found changes, similar to ours, in trabecular architecture in
tibia after 24 months [27]. The observation that bone chan-
ges in our study were primarily found in tibia and not radius,
indicate that changes are mainly caused by mechanical un-
loading, rather than hormonal changes. Patients were
mobilised within a few hours post-operative, and urged to
continue mobilisation after discharge, thus mechanical un-
loading are attributable primarily to weight loss and not bed
rest. Yu et al. report changes in radius after 24 months [27],
thus, hormonal changes may still be relevant to the long-term
bone remodelling after RYGB.

10
I

J \

—~I

Change in total vBMD (mg/cm3)
-20 -10
L

r=0.51; p=0.011

10 20 30 40 50 60
Weight loss (kg)

-30
I

Fig. 2 Changes in total volumetric BMD, assessed by HR-pQCT,
after RYGB induced weight loss tested by linear regression analysis.
vBMD = volumetric bone mineral density

Fracture Risk After RYGB
It is still somewhat uncertain whether RYGB is related to a

clinically relevant increase in fracture risk. Obesity has
been found to increase the risk of fractures at the humerus,
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Fig. 3 Observed mean
percentage difference in bone
parameters in tibia between
baseline and 12 months follow-
up after RYGB. *p < 0.05

Total bone area =
Cortical area =
Trabecular area =
Total bone density =
Cortical density =
Trabecular density =
Trabecular number =
Trabecular thickness =
Trabecular spacing =
Cortical thickness =
Cortical porosity =

Failure load =

Tibia

i -4

lower leg and vertebrae, but a decrease in the risk of
fractures at the wrist, hip and pelvis. A recent study [18]
reported an increased risk of fracture in the lower leg,
femur, humerus and vertebrae in obese patients after
RYGB. However, patients were compared to normal-
weight controls and furthermore the findings cannot be
solely related to RYGB, and may still also be related to
obesity per se. The disintegration of cortical and trabecular
bone we observed, resulted in decreased estimated failure
load, assessed by FEA, which in theory may underlie the
described increase in the risk of fractures in these patients.
However, no studies exist, verifying a clinical correlation
between FEA estimated failure load and risk of fracture.
Long-term observational studies, with obese control
cohorts are needed to further clarify these relations.

Associations Between Changes in Weight,
Biochemistry and Bone Parameters

In univariate linear regression analysis, we found that a
larger weight loss was associated with a larger decline in
total vBMD (Fig. 2) which remained significant after
controlling for age and gender.

CTX-I was associated with bone changes consistent
with the process of endocortical resorption. At 12 months,
both CTX-I and PINP had increased with about 97 and
51 %, respectively. CTX-I, however, was increased at
6 months and were almost unchanged between 6 and
12 months, whereas PINP continued to increase after
6 months.

This indicates an early bone remodelling, not driven by
secondary hyperparathyroidism, even though significant
bone structural changes were not measurable before

@ Springer
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Mean percentage difference between baseline and 12 months follow-up

12 months. Also, bone formation tended to dominate the
remodelling in time.

In univariate analysis, we found that increase in adipo-
nectin were associated with decrease in cortical thickness
in tibia, in accordance with the previously reported anti-
osteogenic effect [8, 9]. Leptin was associated with
increase in Tb-N; this is contrary to our reported decreasing
Tb-N in tibia, which might indicate that change in Tb.N is
primarily influenced by other factors, not accounted for in
our regression analysis.

The bone microarchitectural changes were observed in
spite of increasing levels of 25-OH-vitamin D and no
significant changes in PTH levels, which are probably
attributable to the calcium and vitamin D supplements
given post-operatively.

Limitations

The study has some limitations. The small study group
results in limited statistical power, when evaluating bone
parameters with minor changes, and also implicate inabil-
ity to stratify our data by gender. We only included one
postmenopausal woman, which preclude us from applying
our conclusions to this patient group. Also, all patients
underwent a voluntary weight loss of at least 8 % prior to
surgery, which possibly resulted in minor bone changes.

With the extensive weight loss, a change in adipose
tissue thickness of the extremities, may influence the error
in HR-pQCT measurements. However, a study by Yu and
colleagues, find a smaller and more uniform error when
adding fat layers in HR-pQCT measurements than in DXA
measurements [23].
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Conclusion

In conclusion, RYGB results in significant alterations of
bone microarchitecture, regardless of gender, especially as
cortical thinning along with disintegration of the trabecular
structure in tibia. This might be a contributory cause of the
recently reported long-term increased risk of fracture in
this group. Patients had increasing vitamin D levels,
probably as a result of supplements post-operative, and no
significant changes in PTH. We found weight loss to be
correlated to loss of total vBMD in tibia, which remained
significant after controlling for gender and age. We mainly
observed bone structural changes in the weight-bearing
bone, which indicates that mechanical un-loading is the
primary mediator of early bone changes after RYGB. More
studies are necessary to further clarify the relationship
between post-operative hormonal changes, microstructural
bone changes and long-term fracture risk.
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