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Abstract

Background Roux-en-Y gastric bypass (RYGB) has been associated with negative effects on bone. Whether this association is
affected by pre-surgical type 2 diabetes (T2D) and surgically induced diabetes remission is unknown.

Methods In this cross-sectional, matched cohort study 6 years after RYGB, we investigated bone health in 96 individuals with
body mass index (BMI) > 35 kg/m* and T2D (stratified on current diabetes status) treated by RYGB 6 years earlier compared
with 49 non-operated individuals with T2D matched with respect to sex, age, and current BMI. Main outcome measures were
areal and volumetric bone mineral density (aBMD and vBMD), bone turnover, and odds ratio of osteoporosis/osteopenia.
Results The RYGB group had lower hip (0.916 vs 1.010 g/em?, p <0.001), forearm (0.497 g/cm? vs 0.554 g/em?, p <0.001)
aBMD, (269.63 mg/cm® vs 306.07 mg/cm?, p < 0.001) tibial, and radial (238.57 mg/em® vs 278.14 mg/cm’, p < 0.0001) vBMD
than the control group. Relative to the control group, c-terminal cross-linked telopeptide, procollagen type I amino-terminal
propeptide, and osteocalcin were 75%, 41%, and 72% higher in the RYGB group, respectively (all p <0.001). Odds ratio for
osteopenia/osteoporosis in operated individuals was 2.21 (95% CI 1.06; 4.79, p = 0.05). Overall, stratified analysis on current
diabetes status did not alter these outcomes.

Conclusions Individuals with T2D treated by RYGB, compared to individuals with T2D of similar age and body composition not
treated by RYGB, have lower BMD, lower bone strength, and increased levels of several bone turnover markers. Bone health was
not associated with current diabetes status in the RYGB group.
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Bone turnover - Diabetes - High-resolution peripheral quantitative computed tomography
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work. Introduction
Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11695-019-03753-3) contains supplementary Roux-en-Y gastric bypass (RYGB) is one of the most com-

material, which is available to authorized users. monly performed bariatric procedures worldwide [1] and

highly effective in the treatment of severe obesity, as well
as resolution of obesity-related comorbidities such as type
2 diabetes mellitus (T2D), hypertension, and sleep apnea

[2, 3]. However, evidence of negative effects of RYGB on
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inadequate absorption and negative effects on bone health,
RYGB-operated individuals are advised life-long supplemen-
tation of vitamin D, calcium, iron, multivitamins, and vitamin
B12 [8-10].

Human studies addressing bone health following RYGB
have reported a decline in areal bone mineral density
(aBMD) [4, 11-14], some [11] but not all [13] have reported
secondary hyperparathyroidism, while several studies [4, 15]
have reported increased bone turnover indicating bone loss
following RYGB [4]. Only a few studies have evaluated bone
health beyond 2 years following RYGB [11, 12], and with a
few exceptions [13—15], previous studies have not evaluated
individuals with pre-surgical T2D. This could be important
since individuals with T2D display lower bone turnover and
higher aBMD than individuals without T2D [16, 17].
Moreover, individuals with T2D have a higher fracture risk
than individuals without T2D with identical aBMD [17, 18],
indicating that aBMD may underestimate fracture risk in in-
dividuals with T2D. Because dual-energy X-ray absorptiom-
etry (DXA) has a limited accuracy in individuals with obesity
due to artifacts from unevenly distributed soft tissue [4, 19], an
alternative way of evaluating bone structure is applying high-
resolution peripheral quantitative computed tomography (HR-
pQCT) [20], a method only applied in a few studies investi-
gating bone health following RYGB [4, 21] and not previous-
ly in cohorts restricted to individuals with T2D.

Hence, the aim of this study was to investigate bone health
applying DXA, HR-pQCT, and bone turnover markers in in-
dividuals with obesity and T2D treated by RYGB, and a non-
operated matched control group. We hypothesized that RYGB
individuals had lower aBMD and vBMD, impaired bone
microarchitecture, lower estimated bone strength, and higher
bone turnover than the matched control group, and that remis-
sion of T2D in the RYGB group to some extent could prevent
the deterioration of bone health.

Materials and Methods
Participants

In this cross-sectional, matched cohort study, conducted
February—November 2016, we examined 96 individuals with
obesity and T2D treated by RYGB in the period 20062011,
and a control group of 49 non-operated individuals with T2D
and obesity matched with respect to sex, age, and BMI at the
date of examination. The Danish National Board of Health
provides the Danish population with tax-supported health
care, including full payment of, e.g., bariatric surgery fulfilling
specific criteria (BMI > 35 kg/m” in the presence of T2D). We
approached individuals registered with both a RYGB proce-
dure and a T2D code via the Danish National Patients Registry
[22] by letter. Detailed recruitment is shown in Fig. 1. We
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recruited the matched controls from the endocrine outpatient
clinic at Aarhus University Hospital.

Clinical Examination and Blood Testing

After an overnight fast blood samples were obtained before
9 a.m. We measured height and weight without shoes and
calculated BMI as weight divided by height squared. By ques-
tionnaire, we enquired data concerning maximum weight,
weight loss, use of medication including vitamin supplements,
diagnosis of diabetes, and smoking. Remission of T2D was
defined as hemoglobinAlc (HbAlc)<6.5% and no use of
antidiabetic medication or HbAlc <6.0% and use of metfor-
min only [23, 24]. Calcium-ion, magnesium, HbAlc, and PTH
were analyzed immediately according to accredited interna-
tional standards. Additional blood was stored for batch analy-
ses of phosphate, 25-hydroxy vitamin D (250HD), sclerostin,
osteocalcin, procollagen type I amino-terminal propeptide
(PINP), bone-specific alkaline phosphatase (BAP), and c-
terminal cross-linked telopeptide (CTX). All analyses were
performed at Aarhus University Hospital, Denmark, except
sclerostin analyses which were performed at Rigshospitalet,
Denmark, using a Human Sclerostin EIA kit (TECOmedical,
San Diego, CA). 250HD was analyzed using isotope dilution
liquid chromatography-tandem mass spectrometry (LS-MS/
MS). Intact and N-terminal midfragment osteocalcin, CTX,
and PINP were measured using an immunoassay on Cobas
e601 (Roche Diagnostics, Penzberg, Germany). BAP was
measured using an immunoassay on iSYS (IDS Ltd.,
Boldon, UK). The coefficients of variation (CV) were as fol-
lows: osteocalcin 3%, CTX 5%, PINP 3.7%, BAP 10%, and
sclerostin < 10%.

Dual-Energy X-Ray Absorptiometry

aBMD and corresponding T-scores were measured by dual-
energy X-ray absorptiometry (DXA) (Discovery A scanner;
Hologic, USA) at the lumbar spine (L1-L4), total hip, and
forearm (preferably left side) with NHANES data as reference
[25]. CV of repositioning were 1.5% for lumbar spine aBMD
and 2.1% for total hip aBMD [26, 27]. In addition, Vertebral
Fracture Assessment (VFA) and whole-body DXA were per-
formed. Osteopenia and osteoporosis were defined as lumbar
spine and/or total hip T-scores < — 1.0 and <— 2.5, respectively.

High-Resolution Peripheral Quantitative Computed
Tomography

vBMD and microarchitecture of the distal radius and tibia
(preferably left side) were assessed using high-resolution pe-
ripheral quantitative computed tomography (HR-pQCT)
(XtremeCT; Scanco Medical, Switzerland) [28, 29]. CV of
repositioning for radius and tibia density measures were 1
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RYGB diagnosis in the Danish
National Patients Registry
(2006-2011) n=3136

Y

RYGB and any diabetes code
in the Danish National Patients
Registry (2006-2011), invited
by letter n=194

Y

Y

No reply n=58 Replied to letter or two
Unknown address n=2 additional reminders
Dead n=4 n=130
v ! v
I-Er)ichu::g Declined participation Accepted participation
Never T2D n=2 n=37 n=89
Volunteers not invited by
letter
Y n=10
Excluded Participants
Primary HP n=1 n=96
Tertiary HP n=2

Fig. 1 Flow chart of recruitment of the RYGB-operated individuals.
Overall response rate was 67%. Individuals suffering from primary and
tertiary hyperparathyroidism were excluded (n = 3), resulting in a cohort
of 96 RYGB individuals. Abbreviations: RYGB, Roux-en-Y gastric

and 3—4% for the structural parameters [20]. Built-in standard
evaluation software and finite element analysis software were
used to assess bone density parameters (average, trabecular,
and cortical vVBMD), bone microarchitecture parameters (tra-
becular number, trabecular thickness, trabecular space, and
cortical thickness), and to estimate bone stiffness (resistance
to deformation) and failure load (the load needed to apply for
the bone to break) [20].

Statistics

We compared the RYGB group with the non-operated control
group using Student’s ¢ test reporting means (standard devia-
tion [SD]). Wilcoxon rank-sum (Mann—Whitney) test
reporting medians (interquartile ranges [IQR]) or chi-squared
test for categorical variables. By applying logistic regression,
we calculated unadjusted and adjusted odds ratio (adjusting
for menopause) for impaired bone health (osteopenia/osteopo-
rosis). Difference in bone turnover markers was adjusted by
applying a linear regression model, adjusting for pre-specified
clinical relevant variables: HbAlc, 250HD and PTH levels,
use of calcium/vitamin D supplements, tobacco use, and men-
opausal status. Sample size was determined by participant
response rate, but with 96 RYGB-operated individuals and
49 control patients, we would be able to detect a 10% differ-
ence in forearm average vBMD (SD 20%) with a power of

bypass; T1D, type 1 diabetes mellitus; T2D, type 2 diabetes mellitus;
Primary HP, primary hyperparathyroidism; Tertiary HP, tertiary
hyperparathyroidism.

81%. When comparing RYGB-operated stratified in accor-
dance with T2D and the non-operated group, one-way
ANOVA with Bonferroni or Kruskal-Wallis ANOVA with
Dunn’s test were applied. We considered two-tailed p value
less than 0.05 significant. All calculations were made using
Stata IC 13 (College Station, TX: StataCorp LP).

Results
Participant Characteristics

Characteristics of the RYGB group and the age-, sex-, and
BMI-matched control group are shown in Table 1. Median
time since RYGB was 6.1 years (IQR 5.4; 7.0). As expected,
HbAlc was lower in the RYGB group than in the control
group, owing to RYGB-induced improvement of hyperglyce-
mia. Daily use of multivitamins (82 vs. 31%, p <0.001) and
vitamin D and calcium supplements (86 vs. 33%, p <0.001)
was higher in the RYGB group (Table 1).

Bone Density Measured by DXA
Figure 2 shows aBMD in the RYGB and control groups.

Whole-body aBMD (1.061 g/cm? [0.134] vs 1.116 g/em?
[0.124], p=0.019), aBMD at the total hip (0.916 g/cm>
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Table 1 Characteristics of the
RYGB and the non-operated

control groups

RYGB (n=96) Controls (n=49) P value
Time since RYGB, median (IQR), years 6.1 (5.4,7.0) - -
Age, median (IQR), years 55.3 (48.1; 61.8) 56.2 (51.1; 60.3) 0.743
Women, n (%) 75 (78) 38 (78) 0.937
Postmenopausal, 7 (%) 47 (63) 28 (74) 0.242
Every day smoker, n (%) 20 (21) 5(10) 0.109
Physical activity >4 h/week, n (%) 35 (36) 19 (41) 0.575
BMI pre RYGB, median (IQR), kg/m* 47.7 (42.3;53.2) - -
BMI, median (IQR), kg/m’ 31.2 (28.0; 36.5) 33.2(29.2;37.6) 0.267
Fat, mean (SD), % 40.1 (6.48) 40.4 (5.74) 0.759
Weight loss, median (IQR), kg 52.5 (43.8; 68.0) - -
HbA1c, mean (SD), mmol/mol 48 (11) 60 (14) <0.001
Type 2 diabetes, n (%) 46 (48) 49 (100) <0.001
Duration of type 2 diabetes, median (IQR), years 10.9 (3.9; 16.3) 5.9(1.3;12.0) 0.001
Daily Ca”" and vit D intake, n (%) 83 (86) 16 (33) <0.001
Daily multivitamin intake, 7 (%) 79 (82) 15 (31) <0.001

RYGB Roux-en-Y gastric bypass, BMI body mass index, HbAIc hemoglobinAlc, SD standard deviation, /QR

interquartile range

[0.146] vs 1.010 g/cm? [0.162], p <0.001), total forearm
(0.497 g/em?® [0.084] vs 0.554 g/em? [0.064], p <0.001), and
distal third of forearm (0.623 g/cm2 [0.107] vs 0.698 g/cm2
[0.074], p < 0.001) were significantly lower in the RYGB group
than in the non-operated group, whereas we found no difference
at the lumbar spine (p = 0.141) and the ultra-distal forearm (p =
0.297) (Fig. 2). When stratifying the RYGB cohort on daily
intake of recommended supplementation, we found no differ-
ence in aBMD between the compliant and non-compliant indi-
viduals. From DXA, we found that 33/95 in the RYGB group
had osteopenia and 8/95 had osteoporosis. In contrast, 11/49 in
the control group had osteopenia and 3/49 had osteoporosis

Fig. 2 aBMD at lumbar spine, 1.50 1

femoral, and forearm in the
RYGB group (n=95) and the

non-operated control group (n = 1257
49). Mean areal aBMD in the
RYGB group (black diamonds) *
and the non-operated control 1.001
group (gray-filled circles) with
95% confidence intervals for

whole body, lumbar spine, total
hip, total forearm, distal 1/3 of
forearm (mainly cortical bone),
and ultra-distal forearm (mainly
trabecular bone). One of the
RYGB-operated individuals did

not complete the DXA.*p < 0.05.

Abbreviations: RYGB, Roux-en-
Y gastric bypass; aBMD, areal
bone mineral density.
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(Supplementary Table 1). Thus, relative to the non-operated
group, odds ratio of having osteopenia or osteoporosis in the
RYGB group was 1.90 (95% CI 0.90; 3.98, p=0.09), and 2.21
(95% CI 1.06; 4.79, p =0.05) when adjusted for menopausal
status (additional data shown in Supplementary Table 1). VFA
did not identify any spinal fractures.

Bone Variables Measured by HR-pQCT

Total vBMD at the radius (238.57 mg/cm® [63.0] vs
278.14 mg/em?® [57.4], p<0.0001) and at the tibia
(269.63 mg/cm® [51.5] vs 306.07 mg/em® [43.7], p <0001)

4 RYGB

Non-operated

0.00 T
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were lower in the RYGB group than in the control group
(Table 2). In the radius, this difference was primarily due to
a lower trabecular vBMD in the RYGB-operated group
(Table 2). Especially in the radius, we found lower trabecular
number (1.85 mm™' [0.431] vs 2.10 mm™' [0.321], p <.001)
and trabecular thickness (0.059 mm [0.01] vs 0.067 mm
[0.01], p <.001) with a reciprocal higher trabecular space
(0.519 mm [0.175] vs 0.422 mm [0.087], p <0.001) accom-
panied by lower, although not statistically significant, cortical
thickness (0.59 mm [0.010] vs 0.67 mm [0.009], p = 0.223) in
the RYGB group than in the control group (Table 2). The
estimated failure load was 12% lower in tibia and 16% lower
in radius in the RYGB group (all p <0.001, Table 2).

Bone Turnover Markers

In general, bone turnover markers were higher in the RYGB
group than in the control group (Table 3). Even though 86% of
the RYGB individuals supplemented their diet with daily cal-
cium and vitamin D, resulting in higher 250HD levels
(»<0.001), PTH (upper reference level 6.9 pmol/l) was
higher (7.24 pmol/l [IQR 6.59; 7.95] vs 5.36 pmol/l [IQR
4.83;5.96], p<0.001) in the RYGB group than in the control
group. Forty-nine out of 96 in the RYGB group vs 12/49 in the
control group displayed a PTH > 6.9 pmol/l (p = 0.003), while

40/96 in the RYGB group vs. 6/49 in the control group
displayed 250HD > 50 nmol/l with PTH > 6.9 pmol/l (i.e.,
elevated PTH with 250HD within normal range) (p < 0.001).

Impact of Type 2 Diabetes Remission after RYGB

Basic characteristics of the RYGB group with and without
diabetes remission are shown in Supplementary Table 2.
When stratifying by current T2D status, we found no differ-
ence between RYGB individuals with and without diabetes
regarding neither aBMD, vBMD, characteristics of cortical,
and trabecular bone nor estimated strength or failure load
(Supplementary Table 3). We did find higher levels of CTX
(0.51 ng/ml [IQR 0.38; 0.67] vs 0.42 ng/ml [IQR 0.28; 0.55],
p=0.043) and PINP (63.1 ng/ml [IQR 44.2; 82.6] vs
46.9 ng/ml [IQR 32.9; 62.9], p=0.010) in the RYGB group
with diabetes remission compared with the group without re-
mission, while there were no differences in osteocalcin, BAP,
or sclerostin (Supplementary Table 4).

Discussion

This cross-sectional study demonstrates that 6 years after
RY GB surgery, individuals with pre-surgical T2D have poorer

Table 2 HR-pQCT-derived
measurements in the RYGB and

the non-operated control groups

RYGB Controls P value
Distal tibia n=93 n=47
Average vBMD, mean (SD), mg/cm® 269.63 (51.5) 306.07 (43.7) <0.001
Trabecular vBMD, mean (SD), mg/cm3 154.27 (36.9) 180.71 (34.6) <0.001
Cortical vBMD, mean (SD), mg/cm> 822.84 (65.7) 853.98 (46.5) 0.002
Trabecular number, mean (SD), mm 1.94 (0.445) 1.98 (0.330) 0.547
Trabecular thickness, mean (SD), mm 0.067 (0.012) 0.077 (0.012) <0.001
Trabecular space, mean (SD), mm 0.476 (0.127) 0.443 (0.015) 0.093
Cortical thickness, mean (SD), mm 1.09 (0.294) 1.19 (0.227) 0.047
Stiffness, mean (SD), kN/mm 210.0 (50.3) 238.9 (52.6) 0.002
Failure load, mean (SD), n 10,033.6 (2354) 11,370.0 (2465) 0.006
Distal radius n=389 n=46
Average vBMD, mean (SD), mg/cm3 238.57 (63.0) 278.14 (57.4) <0.0001
Trabecular vBMD, mean (SD), mg/cm3 131.52 (41.6) 169.06 (34.6) <0.0001
Cortical vBMD, mean (SD), mg/cm> 776.37 (99.3) 793.71 (86.3) 0317
Trabecular number, mean (SD), mm ™~ 1.85(0.431) 2.10(0.321) <0.001
Trabecular thickness, mean (SD), mm 0.059 (0.010) 0.067 (0.009) <0.001
Trabecular space, mean (SD), mm 0.519 (0.175) 0.422 (0.087) <0.001
Cortical thickness, mean (SD), mm 0.59 (0.010) 0.67 (0.009) 0.223
Stiffness, mean (SD), kKN/mm 70.7 21.7) 84.4 (23.1) 0.001
Failure load, mean (SD), n 3429.7 (1038) 4088.2 (1103) 0.001

Due to various reasons (difficulty fitting into casts, diabetic foot ulcers, and hemiplegia), not all participants were
able to complete HR-pQCT scans. Stiffness is a measurement of resistance to deformation, while failure load is a
measurement of how much pressure you can apply to the bone before it breaks/fails. vBMD volumetric bone

mineral density, SD standard deviation

@ Springer
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RYGB group suggesting that weight loss and mechanical
unloading do not play an important role for the level of
sclerostin 6 years after surgery. Interestingly, the RYGB group
displayed even poorer bone quality in non-weight bearing
(radius) bone than in weight-bearing bone (tibia), suggesting
that the ongoing mechanical loading partly counteracts the
influence of RYGB in weight-bearing areas.

Elevated PTH levels due to decreased absorption of calcium
and/or vitamin D is another suggested mechanism for poorer
bone health after RYGB. In our study, 51% of the RYGB group
displayed normocalcemic hyperparathyroidism. High levels of
PTH seem to promote cortical bone loss as shown by Stein
et al., reporting both lower aBMD at total hip and distal forearm
and cortical bone loss measured by HR-pQCT in women with
primary hyperparathyroidism [31]. This concurs with our find-
ings of lower aBMD at distal third (mainly cortical bone) and
total forearm, as well as at total hip. Our results also suggest that
the recommended supplementation of multivitamins and calcium
with vitamin D (1200-1300 mg elementary calcium and 2000—
2400 IU vitamin D3 in total) following RYGB is not sufficient to
prevent RYGB-induced bone loss in all operated patients.

Even though RYGB individuals display poorer bone
health than the control patients, average CTX, PINP, and
osteocalcin, as well as aBMD at the lumbar spine and
femoral neck remained within the normal range. Only
aBMD at the forearm was below the normal range.
Taking into account that the female participants on aver-
age are only a few years after menopause and therefore
have to live with this condition for many years to come
and the fact that individuals with T2D have been demon-
strated to suffer fractures at higher aBMDs than patients
without diabetes [17, 18], the observed differences may
still be clinically relevant. Whether bariatric surgery, in
general, leads to an increased risk of fragility fractures is
still being debated [32-35]. Studies focusing on the
RYGB procedure have, however, reported increased risk
of peripheral fractures [34, 35].

The main strength of this study is the large cohort of nearly
150 individuals either treated by RYGB or non-operated con-
trols of both sexes all suffering from T2D, where we evaluated
bone health in details applying both DXA, HR-pQCT, and
bone turnover markers 6 years after RYGB. By matching the
two cohorts with respect to current BMI, in addition to age and
sex, we sought to omit the influence of weight on BMD.
Moreover, the RY GB-operated individuals were very compli-
ant regarding vitamin and mineral supplementation, providing
insight to bone metabolism when sticking to guidelines.
Furthermore, we were able to describe bone parameters after
RYGB in individuals with pre-surgical T2D, according to the
diabetes status 6 years after RYGB. Albeit the power calcula-
tions were not made for this endpoint.

This study has several limitations. Firstly, with a partic-
ipation rate of 49%, we cannot rule out selection bias.

Secondly, we evaluated our participants over a period of
9 months, which could lead to seasonal variation in
250HD and PTH assessment [36]. However, we evaluated
participants in random order, and when adjusting for ex-
amination date, the differences in 250HD and PTH levels
between groups did not change (data not shown). The
cross-sectional study design does not allow interpretation
of causality. Moreover, the duration of diabetes and HbAlc
levels, factors that might be associated with aBMD, were
not comparable between the two cohorts. However,
adjusting for diabetes duration and HbAlc in a regression
model did not change the aBMD estimates (data not
shown). We do present several risk factors associated with
osteoporosis (Supplementary Table 5), however, the list is
not exhaustive and lack information on, e.g., parental his-
tory of hip fracture. Retrospectively, assessment of renal
calcium excretion, gastrointestinal hormones, food intake,
and use of pedometer might have provided a greater under-
standing of the underlying mechanisms for poorer bone
quality after RYGB. With an average BMI > 30 kg/m? in
both groups, the risk of artifacts in DXA scans cannot be
ruled out; however, we assume that the risk of artifacts is
evenly distributed between groups. Finally, the Danish
population is mainly Caucasian, why our findings may
not apply in other populations.

Conclusion

We found that 6 years after surgery, RYGB-operated in-
dividuals with pre-surgical T2D have poorer bone health
than a non-operated control group and an adjusted 6-year
odds ratio of 2.21 of osteopenia or osteoporosis despite
high adherence to daily calcium and vitamin D supple-
mentation. However, in individuals with T2D preopera-
tively, diabetes status after RYGB (remission versus
non-remission) had no influence on the observed impair-
ment of bone health. While waiting for longitudinal data
from RYGB operated and unbiased control cohorts, we
suggest that clinicians acknowledge the potential risk of
adverse effects of RYGB on bone health and in case of
clinical suspicion of osteoporosis include DXA and bio-
chemical markers in the post-RYGB management.
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