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Abstract

Background: The increased risk of fractures in individuals with diabetes has been
underestimated by conventional fracture predictors such as the bone mineral density T-
score or the Fracture Risk Assessment Tool. The present study conducted a systematic
review and a meta-analysis to investigate the association between the levels of bone
turnover markers (BTMs) and fractures in patients with diabetes.

Methods: We conducted a systematic literature search. Eligibility criteria were studies
investigating BTMs in patients with diabetes with/without fractures. For the meta-analysis,
we primarily used the fixed effects model. The estimates were reported as the standardized
mean difference (SMD).

Results: We included eight observational studies. The levels of osteocalcin, procollagen type
1 amino terminal propeptide (P1NP), and insulin-like growth factor-1 (IGF-1) were found to
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be significantly lower in individuals with fracture than in those without fracture (—0.36 [-0.46,
—0.26]) (SMD [95% confidence interval], (-0.57 [-0.75, —0.40]), and (—0.50 [-0.61, —0.39]),
respectively. The levels of N-terminal cross-linked telopeptide of type 1 collagen (NTX),
sclerostin, and bone-specific alkaline phosphatase (BAP) were significantly higher in patients
with fracture (0.24 [0.13, 0.35], (0.47 [0.29, 0.65]), and (0.14 [0.01, 0.27]), respectively,
whereas C-terminal cross-linked telopeptide (CTX) showed no difference between the
groups. The sensitivity analysis revealed an effect of study size but not study design.
Conclusions: The results suggest that BTMs could be associated with fracture status in
individuals with diabetes with lower levels of formative BTMs and IGF-1 and higher levels of
NTX, sclerostin, and BAP in these individuals than in those without fracture. However, some
results depended on one large study.
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1. Introduction

Diabetes mellitus type 1 (T1D) and type 2 (T2D) are diseases prevalent among the geriatric
population with both associated with increased susceptibility to fractures [1]. For example, hip
and vertebral fractures have been reported to be associated with increased morbidity and
mortality [2, 3]. Briefly, the fall risk may be increased in individuals with diabetes owing to
retinopathy, neuropathy, and hypoglycemia; however several studies have demonstrated that the
increased risk of fractures in individuals with diabetes persisted after adjustment for falls [4].
Rather, cellular and molecular changes, including incorporation of advanced glycation end
products (AGEs) in the bone collagen matrix [5], increased levels of sclerostin [6], a direct negative
effect of hyperglycemia [7], and possible harmful side-effects of anti-diabetic medication [8] may
lead to fragile bones in patients with diabetes, as reviewed by Napoli on behalf of the
International Osteoporosis Foundation Bone and Diabetes Working Group [9]. Furthermore, the
bone turnover process in itself could be impaired. A meta-analysis has shown that circulating
levels of bone turnover markers (BTMs) are significantly lower in individuals with T1D and T2D
compared with those without diabetes [10].

Fracture risk is traditionally evaluated by bone mineral density (BMD) measured by dual-energy
X-ray absorptiometry (DXA) [11] or by the Fracture Risk Assessment Tool (FRAX) [12]. For T1D and
T2D, both BMD and FRAX underestimate the risk of fracture [13, 14], thus warranting additional
fracture predictors in these populations. Circulating BTMs reflect the bone turnover process in
terms of bone formation and bone resorption. BTMs are widely used to monitor osteoporosis
treatment, and several studies have indicated that BTMs may predict the fracture risk in
populations without diabetes [15, 16]. The levels of BTMs are generally reduced in individuals with
diabetes; however, it is unknown whether levels of BTMs in diabetes may predict fracture risk.

The present study conducted a systematic review and a meta-analysis evaluating and
comparing the levels of BTMs and bone signaling markers in patients with diabetes with and
without fractures.
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2. Materials and Methods

We used the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [17].

2.1 Literature Search

We performed a systematic literature search on January 2, 2017, and updated this on August 6,
2018. We studied the databases PubMed (1966-2018) and Embase (1974-2018) using free-text
search terms “Fracture” and “diabetes” in combination with the following free-text search terms:
"BALP," "BAP," "alkaline phosphatase," “bone alkaline phosphatase,” "RANKL," "sclerostin," "N-
terminal telopeptide," "NTX," "opg," "osteoprotegerin," "osteocalcin," "bone GLA protein,"
"procollagen type 1," "PINP," "P1NP," "type 1 collagen," "CTX," and "bone turnover." We used the
free-text search terms to avoid omitting any relevant literature. No limitations were applied during
the literature search (e.g., publication date and language).

2.2 Eligibility Criteria

The eligibility criteria were studies investigating the levels of bone formation markers
(procollagen type 1 amino terminal propeptide [P1INP], osteocalcin, and bone-specific alkaline
phosphatase [BAP]), levels of bone resorption markers (C-terminal cross-linked telopeptide [CTX],
N-terminal cross-linked telopeptide of type 1 collagen [NTX], and tartrate-resistant acid
phosphatase [TRAP]), and levels of bone turnover signaling markers (osteoprotegerin [OPG],
receptor activator of nuclear factor kappa-B ligand [RANKL], and sclerostin) in patients with
diabetes with and without fractures. We included both prevalent fractures and incident fractures
and excluded duplicate studies. Furthermore, we excluded studies reporting data from identical
study populations and hence excluded articles by Kanazawa et al. [18-22], Notsu et al. [23], Miyake
et al. [24], Tanaka et al. [25], and Yamamoto et al. [26, 27] as all participants from these studies
appeared to be included in the most recent study by Kanazawa et al. in 2018 [28]. Similarly, for
another study by the same author [29], we included only the results from analyses of parathyroid
hormone (PTH) and 1,25 Vitamin D, as all other analyses were performed in the study published
by Kanazawa et al. in 2018 [28].

2.3 Study Characteristics

Two authors (KH and JS-L) screened all articles that were retrieved from the literature search by
title and abstract, and subsequently read all studies that were possibly eligible for inclusion. We
collected data on the levels of BTMs for each study, and if possible, we used subgroups (e.g., for
gender [men/women] or diabetes type [T1D/T2D]). If several publications originated from the
same author in the same year, we denoted each publication by author name followed by a letter
(a, b, etc.). We did not contact authors concerning additional study data; however, we provided
further data from our own study [30]. We collected information on potential confounders such as
participant characteristics (age and body mass index), levels of glycated hemoglobin (HbA1lc) and
plasma glucose, and blood sampling conditions. We evaluated funnel plots visually to assess the
risk of publication bias. Two authors (KH and JS-L) independently evaluated the quality of the
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studies according to the modified Newcastle-Ottawa Scale (NOS) adapted for cross-sectional
studies [31].

2.4 Statistics

We captured the mean values and standard deviations (SDs) or 95% confidence intervals (Cls)
of biochemical markers from the included studies. We implemented pooled analyses if at least
three populations were available. We analyzed the standardized mean difference (SMD), which is
the mean outcome between the groups divided by the SD of the outcome among the participants.
The SMD considers assay and inter-laboratory differences as percentages are calculated. In
addition, we calculated the common weighted mean difference (MD). If the SMD and MD
reported the same effect, we reported only the SMD in the results section of the article. For
analysis, we primarily used the fixed effects model and secondarily the random-effects model. The
fixed-effects model assumes that all studies report on the same effect size and larger studies
weigh more than smaller studies in the analyses. Contrary to this, the random effects model
assumes that the effect size is different in the included studies owing to heterogeneity or different
study characteristics and weighs large and small studies accordingly. Furthermore, we performed
sensitivity analyses excluding specific studies to evaluate whether the observed findings could be
attributed to the effects of study size or design. We determined the heterogeneity among studies
by I* analysis and performed subgroup analysis in individuals with T2D. For all analyses, we used
the RevMan 5.3 software program.

3. Results
3.1 Study Selection

The literature search recovered 3,246 articles. After the removal of duplicate and screening of
abstracts and full-texts, we included eight studies (Figure 1). Seven studies had a cross-sectional
design, whereas one study was a cohort study. All studies were published articles. Most studies
reported on at least four different BTMs, except for two studies with data on only three and two
BTMs, respectively. See Table 1 for study details. One study reported on patients with T1D,
another reported on both T1D and T2D, and a third study reported on unspecified diabetes,
whereas all other studies investigated patients with T2D (n = 5). If possible, results were stratified
by gender. The number of participants ranged from 20 in the smallest study to approximately
1,000 in the largest. The number of studies evaluating each BTM varied greatly from three studies
reporting levels of PINP to seven studies describing the levels of osteocalcin. The included studies
allowed for investigation of the bone turnover and bone signaling markers, such as total
osteocalcin, PINP, BAP, CTX, NTX, sclerostin, insulin-like growth factor—1 (IGF-1), PTH, HbA1c, and
Vitamin D. We included studies with results concerning HbAlc, as previous data suggested an
association between fracture status and levels of HbAlc [32-34]; however, results are conflicting
for patients with T2D. Furthermore, we included studies that investigated the levels of Vitamin D,
as this is an important regulator of calcium homeostasis and bone turnover. All but one study
excluded participants with renal disease, an important possible confounder. Most studies
excluded participants taking drugs that could affect bone metabolism (including specific anti-
osteoporotic therapy) (n = 7); however, one study did not provide any information regarding this.
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Concerning vitamin D supplementation, three studies excluded participants taking vitamin D
supplementation, two studies included these participants, and three studies did not provide any
information. Almost all studies included only non-traumatic fractures [28-30, 35-38], whereas one
study included both non-traumatic and traumatic fractures [34]. For information on different
fracture sites, see Table 1. Concerning the time period between fracture incidence and
biochemical measurements, one study reported that only participants with fractures that had
occurred more than 5 months ago were included [37], whereas seven other studies did not specify
this. Three studies were from Asia [28, 29, 36], three from Europe [30, 34, 38], one from North
America [37], and one from the Middle East [35]. The quality of the study was generally high, with
NOS ranging from 6 to 10. The heterogeneity ranged between 0% (BAP) and 94% (osteocalcin).
Based on funnel plots, we did not suspect any publication bias.

Records screened by title and abstract Records excluded
(n =3246) (n=3164)

|

Full-text articles assessed
for eligibility Records excluded
(n=82) (n=74)

L J

L

Studies included in
qualitative synthesis
(n=8)

Figure 1 Flow diagram of the studies.
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Table 1 Characteristics of the included studies.

Study Participants Source Age BMI Additional Anti- HbA1c (%) P-Glucose BTM Fasting Renal NOS
(years) (kg/m?) information osteoporotic (mg/dL) samples Disease quality
including medication score
fracture site
Case-
control
Dai et al. 15 cases, 5 Singapore 45-74 - Subgroupina No - - BAP, OC, no No 6
(2016)[36] controls Chinese larger study. information P1NP, informati
Health Incident hip CTX, NTX on
Study fractures.
(population
based)
Cross-
sectional
Kanazawa 76 cases, Shimane 62.5 23.0 T2D, men. Excluded 9.0 (cases), 169 °|GF-1, yes Renal 7
et al. 172 University (cases), (cases), Prevalent drugs 9.1 (cases), PTH, 25 disease
(2009)a[2  controls Hospital 57.5 23.8 vertebral affecting (controls) 172 OHD, BAP, excluded
9] (hospital (controls)  (controls)  fractures. bone (controls)  OC, NTX
based) metabolism
and vitamin D
Kanazawa Men: 219 Shimane Men: 68.0 Men:23.5 T2D.All Excluded Men: 9.0, - OC, BAP, yes No 8
et al. cases, 363 University (cases), (cases), women drugs (cases), 9.3 u-NTX, informati
(2018)[28] controls. Hospital 64.7 234 postmenopau affecting (controls) IGF-1 on, but
Women: (hospital (controls)  (controls)  sal. Prevalent bone Women: 8.9 creatinin
145 cases, based) Women: Women: vertebral metabolism, (cases), 9.0 ein
267 70.9 24.3 fractures. no (controls) normal
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controls (cases), (cases), information range.
65.9 24.7 on vitamin D
(controls)  (controls)
Neumann 104 Jena 46 (cases), 26.1 T1D 128 Excluded 8.2 (cases), - CTX, OC yes eGFR<30 8
etal. controls, 24  University 42.7 (cases), participants. drugs 7.6 mL/min
(2014)[34] cases. Hospital (controls)  26.9 Prevalent affecting (controls) excluded
(hospital (controls)  fractures of bone mmol/I
based) all types. metabolism,
no
information
on vitamin D
Starup- T1D: 21 Aarhus & T1D: 62 T1D: 25 T2D 96 Excluded T1D: 7.9 T1D: 175 CTX, no Patients 10
Linde et (cases), 80 Aalborg (cases), 60 (cases), 26 participants, drugs (cases), 8.1  (cases), P1NP, OC, with
al. (controls). University (controls). (controls). TiD 101 affecting (controls). 196 Sclerostin, renal
(2016)[30] T2D:13 Hospitals T2D: 66 T2D: 31 participants. bone T2D:7.9 (controls). 25 OHD disease
(cases), 86 (hospital (cases), 65 (cases), 31 Prevalent metabolism, (cases), 8.0 T2D:198 excluded.
(controls). based) (controls).  (controls). vertebral vitamin D (controls). (cases),
fracturesand  supplementat 196
incident ion allowed (controls).
fractures.
Zhukouska 34 cases, 65 Outpatient  66.4 28.9 T2D, 99 Excluded 6.9 (cases), - CTX, OC, Yes Chronic 8
ya et al. controls clinic (cases), (cases), postmenopau drugs 6.6 25 OHD renal
(2014)[38] (hospital 65.4 29.8 sal women. affecting (controls) failure
based) (controls)  (controls)  Prevalent bone excluded
vertebral metabolism,
fractures. vitamin D

supplementat

ion allowed
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Ardawiet 118 cases, King 65.5 33.4 T2D, Excluded 10.5% 149.8 PTH, IGF- Yes Renal 9
al. 364 Abdulaziz (cases), (cases), postmenopau drugs (cases), (cases), 1,25 bone
2013[35] controls University 57.7 334 sal women. affecting 9.6% 157.3 OHD, disease

Hospital (controls)  (controls)  Prevalent bone (controls) (controls)  sclerostin, excluded

(hospital vertebral metabolism OC, PINP,

based) fractures. and vitamin D CTX, u-

NTX

Heilmeier 19 cases, 20 Diabetic 63.3 28.9 T2D. Women  Excluded 8.0% 151.0 25 OHD, Yes Renal 9
etal. controls and (cases), (cases), age 50-75. drugs (cases), (cases), PTH, Ca, disease
2015([37] orthopedic  59.6 27.8 Prevalent affecting 7.9% 159.6 Sclerostin, excluded

clinics (controls)  (controls)  fragility bone (controls) (controls)  CTX, PINP

fractures. metabolism

and vitamin D

? Only two BTM s are reported in the estimates as the rest of the BTMs are included in another paper by the same author. — (no information provided); 25 hydroxyvitamin D (25 OHD); bone-specific

alkaline phosphatase (BAP); calcium (Ca); C-terminal cross-link of collagen (CTX); estimated glomerular filtration rate (eGFR); insulin-like growth factor-1 (IGF-1); N-terminal propeptide type 1 collagen

(NTX); Newcastle Ottawa Scale (NOS); Osteocalcin (OC); parathyroid hormone (PTH); Procollagen type 1 N-terminal propeptide (P1NP); Receptor activator of nuclear factor kappa beta ligand (RANKL);

Tartrate resistant acid phosphatase (TRAP); type 2 diabetes (T2D); type 1 diabetes (T1D); undercarboxylated osteocalcin (ucOC); urinary NTX (u-NTX).
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3.2 Results of Bone Turnover Markers in Primary Analyses: The Fixed Effects Model

For formative BTMs, the levels of osteocalcin (SMD = -0.36 [95% Cl: —0.46, —0.26]) and P1INP
(SMD = —0.57 (95% ClI: —0.75, —0.40) were significantly lower in patients with diabetes with
fracture as compared with those without fracture (Figures 2 and 3, respectively). The levels of the
mineralization marker, BAP, were significantly higher in patients with diabetes and fracture
compared with those without fracture (SMD = 0.14 [95% Cl: 0.01, 0.27]; Figure 4). For resorptive
BTMs, only NTX levels were significantly higher in patients with diabetes and fracture compared
with those without fracture (SMD = 0.24 [95% Cl: 0.13, 0.35]; Figure 5). For bone signaling markers,
the levels of sclerostin were significantly higher in patients with diabetes and fracture as
compared with those without fracture (SMD = 0.47 [95% Cl: 0.29, 0.65]; Figure 6a). Moreover,
similar results were obtained when limiting the analyses to participants with T2D (SMD = 0.62
[95% Cl: 0.43, 0.81]; Figure 6b). The IGF-1-levels were significantly lower in individuals with
diabetes and fracture compared with those without fracture (SMD = -0.50 (95% Cl: -0.61, —0.39];
Figure 7). The levels of Vitamin D were borderline higher in patients with diabetes with fracture
compared with those without fracture (SMD = 0.13 (95% Cl: —0.01, 0.27], Figure 8). For osteocalcin,
PINP, BAP, NTX, sclerostin, IGF-1, and vitamin D, the results and the significance of the results did
not change when applying the MD. For CTX, there was no difference between the groups when
applying the SMD; however, when using the MD, the levels of CTX were significantly lower in
patients with diabetes with fracture as compared with those without fracture (MD = —0.03 ng/mL
(95% Cl: —0.05, —0.01]). For PTH and HbAlc, all results were non-significant. Furthermore, the
results did not change when the analyses were limited to participants with T2D.

Fracture No fracture Std. Mean Difference Stid. Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weigln IV, Fixed, 95% CI IV, Fixed, 95% CI
Ardawi etal 2013b 801 229 118 1556 552 364 19.4% -1.53 [F1.76, -1.30] -
Dai et al. 2016 14 58 15 1262 56 5 1.0% 0.24 [-0.78,1.29
Kanazawa 2018 men 53 31 219 55 33 363 36.2% -0.06 [-0.23, 0.11] —.-
Kanazawa 2018 women 67 35 145 7.2 37 267 249% -0.14 [-0.34, 0.06] —=Tr
Meumann et al. 2014 16 6.8 24 156 75 104 5.2% 0.05 [-0.39, 0.50] I R
Starup-Linde et al 2016 T1D 201 624 21 1938 6.02 80 4.4% 0.12 [-0.36, 0.60] s
Starup-Linde et al 2016 T2D  14.06 534 13 1574 621 82 3.0% -0.27 [[0.86, 0.31] e
Zhukouskaya et al. 2014 46 34 34 52 31 B85 5.9% -0.19 [-0.60, 0.23] I
Total (95% CI) 589 1330 100.0% -0.36 [-0.46, -0.26] L 2
Heterogeneity: Chi*= 12591, df = 7 (P = 0.00001); I*= 94%

4 05 0 05 1

Test for overal effect Z=7.03 ° < 0.0000 Lower with fracture  Higher with fracture

Figure 2 Pooled analysis of osteocalcin levels in persons with diabetes with fracture
compared with those with diabetes without fracture. Studies with several populations
are explained as the author name followed by a/b, by men/women, or by type 1 diabetes
(T1D)/type 2 diabetes (T2D) to indicate subpopulations.
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Fracture No fracture Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Tota Mean SD Tota Weigit IV, Fixed, 95% CI IV, Fixed, 95% CI
Ardawi etal 2013b 2908 692 118 3521 684 364 66:9%  -0.89[1.11,-068 ——
Dai et al. 2016 3BT 1558 15 3B1 2789 5  30% 0.03[-0.98, 1.04]
Heilmeier et al. 2015 51 308 19 #41.3 154 20 77% 0.40[-0.24,1.03
Starup-Linde et al 2016 TID 4271 1385 21 40.78 1498 80 13.4% 0.13[-0.35, 0.61] e I
Starup-Linde et al 2016 T2D  31.98 851 13 36.39 1547 82 9.0% -0.30 [-0.88, 0.29]
Total (95% Cl) 186 551 100.0% -0.57 [-0.75, -0.40] -~
Heterogeneity: Chi*= 27.82, df= 4 (P = 0.0001);, F = 86% _51 _055 S 055 1'
Test for overall effect Z = 6.40 ° < 0.00001) Lower with fracture  Higher with fracture

Figure 3 Pooled analysis of procollagen type 1 amino terminal propeptide (P1NP) levels in
persons with diabetes with fracture compared with those with diabetes without fracture.
Studies with several populations are explained as the author name followed by a/b or by
type 1 diabetes (T1D)/type 2 diabetes (T2D) to indicate subpopulations.

Fracture No fracture Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Tota Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Dai et al. 2016 396 14 15 K1 10 5 1.5% 0.62[-0.41, 1.66]
Kanazawa 2018 men 288 123 219 273 103 363 58.3% 0.14-0.03, 0.30] L
Kanazawa 2018 women 331 135 145 36 109 267 401% 0.13[-0.08 0.33 T
Total (95% CI) 379 635 100.0% 0.14[0.01, 0.27] L
Heterogeneity: Chi*= 0,86, df = 2 (P = 0.65); 1*= 0% ‘1 —D€5 0 0}5 1‘
Test for overalleffect: Z= 212 = 0.03 Lower with fracture  Higher with fracture

Figure 4 Pooled analysis of bone-specific alkaline phosphatase (BAP) levels in persons
with diabetes with fracture compared with those with diabetes without fracture. Studies
with several populations are explained as the author name followed by men/women to
indicate subpopulations.

Fracture No fracture Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean  SD Tota Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Ardawietal 2013b 5692 193 118 4426 1345 364 265% 0.77 [0.56, 0.98) —
Dai et al. 2016 12.86 441 15 10,32 k] 5 1.2% 015[-0.86,1.17)
Kanazawa 2018 men w5 N 219 38 543 363 429% -0.03}0.20, 0.13] —.—
Kanazawa 2018 women 558 408 145 502 277 267 29.4% 017 [-0.03, 0.37] T
Total (95% CI) 497 999 100.0% 0.24 [0.13, 0.35] R
Heterogeneity: Chi*= 34.56, df= 3 (P < 0.00001); = 91% 3 o S o5 1
Test for overall effect: Z=4.32 F <0.0001) Lower with fracture  Higher with fracture

Figure 5 Pooled analysis of N-terminal cross-linked telopeptide of type 1 collagen (NTX)
levels in persons with diabetes with fracture compared with those with diabetes without
fracture. Studies with several populations are explained as the author name followed by
a/b or by men/women to indicate subpopulations.
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(a)
Fracture No fracture Std. Mean Difference Sti. Mean Difference
Study or Subgroup Mean SD Totad Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Ardawi etal 2013b 7361 1191 118 659 932 364 694% 0.77 [0.56, 0.9g] ——
Heilrmeier et al 2015 0.4 11 19 07 11 20 80% 0.18[-0.45, 0.81]
Starup-Linde et al. 26 TID 5666 1651 21 7116 3273 80 13.4% -0.48 [-0.96, 0.01) —_— ]
Starup-Linde et al 2016 T2D 6965 295 13 7433 3821 82 92% -0.12 [0.71, 0.46)
Total (95% Cl 17 546 100.0% 0.47 [0.29, 0.65] -t
Heterogeneity: Chi*= 26.96, df= 3 (P = 0.00001); F= 89% ; —0}5 } 055 1'
Test for overall effect Z=5.21 ( < 0.00001) Lower with fracture  Higher with facture
(b)
Fracture No fracture Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Tota Weiglt IV, Fixed, 95% CI IV, Fixed, 95% CI
Ardawi etal 2013b 7360 1191 118 659 632 364 80.2% 0.77 [0.56, 0.98) ——
Heilmeier et al 2015 0.9 1.1 19 0.7 1.1 20 9.2% 0.18 [-0.45, 0.81]
Starup-Linde et al. 216 T1ID 5666 16.51 21 7116 3273 80 0.0% -0.48 [-0.96, 0.01]
Starup-Linde et al. 2016 T2D 6965 2985 13 7433 382 92 10.6% =012 [-0.71, 0.46)
Total (95% CI) 150 466 100.0% 0.62 [0.43, 0.81] il
Heterogeneity: Chi*= 9.98, df= 2 (P = 0.007), F= 80% ; _055 S DIS _;

Test for overall effect: Z=6.36 (P < 0.00001)

Lower with fracture  Higher with facture

Figure 6 Pooled analysis of sclerostin levels in all persons with diabetes (a) or only
participants with type 2 diabetes (T2D) (b) with fracture compared with persons with
diabetes without fracture. Studies with several populations are explained as the author
name followed by a/b, by men/women, or by type 1 diabetes (T1D)/T2D to indicate

subpopulations.

Fracture No fracture Std. Mean Difference Std. Mean Difference
Study o Subgroup Mean SD Totad Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Ardawi etal. 2013b 94 211 118 1415 466 364 259% -113[1.35-091] —®—
Kanazawa 2018 men 128 83 219 137 52 363 44.2% -0.17 [-0.34, -0.00] —
Kanazawa 2018 women 11 4 145 132 51 267 299% -0.43 [-0.64, -0.23) —
Total (95% CI) 482 994 100.0% -0.50 [-0.61, -0.39] S
Heterogeneity: Chi*= 47.05, df= 2 P < 0.00001); F= 9%6% 3 N 5 ' H

Test for overall effect: Z=8.73 (P < 0.00001)

Lower with fracture  Higher with fracture

Figure 7 Pooled analysis of insulin-like growth factor-1 (IGF-1) levels in persons with
diabetes with fracture compared with persons with diabetes without fracture. Studies
with several populations are explained as the author name followed by a/b or by

men/women to indicate subpopulations.
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Fracture No fracture Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SO Total Mean SD Total Weigint IV, Fixed, 95% CI IV, Fixed, 95% CI
Ardawi et al. 2013b 3362 195 118 3328 2096 364 450% 0.02[-0.19 0.22
Dai et al. 2016 242 61 100 239 59 100 252% 0.05[-0.23, 0.33 B
Heilmeier et al. 2015 324 129 19 2714 15 20 4.8% 0.40[-0.23, 1.04
Starup-Linde et al 2016 T1ID 91,04 3343 21 7094 31.82 80 8.1% 062013 1.11]
Starup-Linde et al 2016 T2D 7471 31.32 13 6245 2998 82 5.6% 0.40[-0.18 0,99
Zhukouskaya et al. 2014 201 123 34 188 101 65 11.2% 0.12[-0.30, 0.53 —
Total (95% CI) 305 711 100.0% 0.13 [0.01, 0.27] i
Heterogeneity: Chi*= 692, df =5 (P =0.23), I*= 28% t f +

1 05 0 05 1

Test for overall effect Z=1.77 (F = 0.08) Lower with fracture  Higher with fracture

Figure 8 Pooled analysis of Vitamin D levels in persons with diabetes with fracture
compared with those with diabetes without fracture. Studies with several populations
are explained as the author name followed by a/b or by type 1 diabetes (T1D)/type 2
diabetes (T2D) to indicate subpopulations.

3.3 Results of Bone Turnover Markers in Secondary Analyses: The Random Effects Model

Levels of the bone mineralization marker BAP were significantly higher in patients with
diabetes with fractures as compared with those without fracture (SMD = 0.14 [95% Cl: 0.01, 0.27];
Figure 9). Levels of IGF-1 were significantly lower in patients with diabetes and fracture as
compared with those without fracture (SMD = —0.58 [95% Cl: —1.13, —0.03]; Figure 10). For BAP
and IGF-1, the use of the MD did not change the results nor the significance of the results. The
levels of vitamin D were borderline higher in patients with fracture than in those without fracture
(SMD = 0.17 [95%CI: —0.01. 0.35]; Figure 11); however, results turned non-significant when the
MD was used. For all other investigated variables, including osteocalcin, PINP, CTX, NTX, sclerostin,
PTH, and HbAlc, there were no significant differences between the groups in the random effects
model in neither the SMD nor the MD (data not shown).

Fracture No fracture Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Dai et al. 2016 ¥E 14 15 10 5 1.5% 0.62 [-0.41, 1.66]
Kanazawa 2018 men 288 123 219 273 103 363 58.3% 0.14 [-0.03, 0.30] L
Kanazawa 2018 women 331 135 145 N6 109 267 401% 013 [-0.08, 0.33) T
Total (95% CI) 379 635 100.0% 0.14 [0.01, 0.27] s
Heterogeneity: Tau®= 0.00; Chi*= 0.86, df= 2 (P = 0.65), "= 0% y +

4 05 0 05 1

Test for overall effect Z=2.12 P =0.03) Lower with fracture  Higher with fracture

Figure 9 Pooled analysis of bone-specific alkaline phosphatase (BAP) levels in persons
with diabetes with fracture compared with persons with diabetes without fracture.
Studies with several populations are explained as the author name followed by
men/women to indicate subpopulations.
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Fracture No fracture Stil. Mean Difference Stil. Mean Difference
Study or Subgroup Mean SD Totad Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ardawietal 2013b 94 211 118 1415 466 364 33.0% =113 [1.35,-0.91) —=
Kanazawa 2018 men 128 53 219 137 52 363 337% -0.17 [0.34, -0.00] —
Kanazawa 2018 women 11 44 145 132 a1 267 33.2% -0.43[-0.64, -0.23) =
Total (95% Cl) 482 994 100.0% -0.58 [-1.13, -0.03] ~~eutifiiine---
Heterogeneity: Tau®= 0.23, Chi*= 47.05, df= 2 (P < 0.00001); F= 96%

-2 -1 0 1 2

Test for overall effect. Z=2.05F = 0.09 Lower with fracture  Higher with fracture

Figure 10 Pooled analysis of insulin-like growth factor-1 (IGF-1) levels in persons with
diabetes with fracture compared with those with diabetes without fracture. Studies with
several populations are explained as the author name followed by a/b or by men/women
to indicate subpopulations.

Fracture No fracture Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ardawi etal 2013h 3362 195 118 3328 2096 364 34.0% 0.02[-0.19,0.27 —
Dai et al. 2016 24.2 61 100 239 59 100 251% 0.05[-0.23, 033 I L —
Heilmeier et al 2015 324 129 19 274 15 20 7.1% 0.40 [-0.23, 1.04]
Starup-Linde et al 2016 T1D  91.04 3343 2 7094 3162 80 11.2% 0.62([0.13 1.11)
Starup-Linde et al 2M6T2D 7471 31.32 13 6245 2098 82 8.2% 0.40[-0.18, 0.99
Zhukouskaya et al. 2014 2001 123 34 188 101 65 14.4% 0.12[-0.30, 0.53] s L —
Total (95% CI) 305 711 100.0% 0.17 [-0.01, 0.35] reulife--
Heterogeneity: Tau®= 0.01, Chi*= 6.92, df = 5 (P = 0.23); I*= 26%

R 05 0 0.5 1

Test for overall effect Z=1.81 (P = 0.07) Lower with fracture  Higher with fracture

Figure 11 Pooled analysis of Vitamin D levels in persons with diabetes with fracture
compared with persons with diabetes without fracture. Studies with several populations
are explained as the author name followed by a/b, by men/women, or by type 1 diabetes
(T1D)/type 2 diabetes (T2D) to indicate subpopulations.

3.4 Sensitivity Analysis

First, we wanted to investigate the impact of one large study by Ardawi et al. [35]. We
suspected that the study was the main determinant of the pooled estimates for osteocalcin
(Figure 2), PINP (Figure 3), NTX (Figure 5), sclerostin (Figure 6), and IGF-1 (Figure 7). Hence, we
repeated all analyses using the fixed effects model with the omission of the study by Ardawi et al.
(data not shown). For bone resorption markers, the levels of NTX were found to be non-
significantly different in patients with fracture as compared with those without fracture (SMD =
0.05 [95% Cl. —0.08, 0.18]); however and interestingly, the levels of CTX changed from non-
significantly different to significantly lower in patients with fracture (SMD = —-0.30 [95% Cl: —-0.52, —
0.08]). For formation markers, osteocalcin and P1NP, and also for sclerostin, results were non-
significant in the sensitivity analysis. For IGF-1, sensitivity analysis was not possible owing to a
small number of studies. The levels of vitamin D turned significantly higher (SMD = 0.22 [95% ClI:
0.03, 0.40]) in patients with fracture compared with those without fracture. The levels of PTH and
HbA1c remained non-significantly different between the groups.

Second, we performed sensitivity analyses to explore the effect of study design and therefore
performed all analyses using the fixed effects model while excluding the only prospective study by
Dai et al. [36]. In brief, levels of OC and PINP remained lower in patients with fracture as
compared with those without fracture, (SMD = —0.37 [95% Cl: —0.47, —0.27]) and (SMD = -0.59
(95% Cl: —0.77, —-0.41]), respectively. The levels of NTX remained higher in patients with fracture as
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compared with those without fracture (SMD = 0.24 [95% Cl: 0.13, 0.35]), whereas results for CTX
remained non-significant (SMD =—-0.10 [95% CI: —0.25, 0.05]).

4, Discussion

In the present meta-analysis of observational studies, we found that patients with diabetes
with fracture had higher levels of BAP and lower levels of IGF-1 as compared with those with
diabetes and without fracture. However, the results differed in primary and secondary analyses
when applying either the fixed or the random effects model, respectively. In the primary analyses
using the fixed effects model, patients with diabetes and fracture reported lower levels of
formative BTMs and IGF-1 and higher levels of bone resorption marker NTX and sclerostin as
compared with those with diabetes and without fracture. Thus, bone turnover appeared to be
associated with fractures in diabetes; lower bone formation was possibly caused by higher levels
of sclerostin and lower levels of IGF—1. However, interpretation of these results is limited by the
effect of one large study, as shown in sensitivity analyses where results for osteocalcin, PINP, NTX,
and sclerostin became non-significant. In secondary analyses using the random-effects model,
only levels of BAP and IGF-1 were significantly different depending on the fracture status.

In a previous meta-analysis, we demonstrated diabetes to be a state of low levels of BTMs,
possibly owing to multiple factors, including increased levels of sclerostin [10]. The present study
suggests an association between the levels of bone formation markers and fracture status in
diabetes. This is an important finding that warrants further investigation in the form of
longitudinal studies as the risk of fracture is underestimated in patients with diabetes when
applying traditional osteoporosis risk factors [14].

Our results indicate that the presence of low levels of IGF-1 and high levels of sclerostin in
patients with diabetes with fracture could reflect an osteocyte dysfunction. Osteocytes produce
sclerostin, a potent inhibitor of the Wnt signaling pathway and a known suppressor of bone
formation via inhibition of osteoblast formation and activity [39]. Currently, a monoclonal
antibody inhibiting sclerostin is under development to treat osteoporosis (“Romosozumab”) [40].
Romosozumab has been approved by the Food and Drug Administration and it will be interesting
to observe the effect of this drug on bone turnover and fracture risk in patients with T1D and T2D.
However, based on the findings of the present meta-analysis, we would expect a prominent effect.

IGF-1 has a modulating effect on bone. Circulating IGF-1 is mainly secreted from the liver and
produced locally in osteocytes to a lesser extent. It inhibits osteoblast apoptosis and increases
osteoblastogenesis [41, 42]. IGF-1 production is regulated by growth hormone and diet. IGF-1
produced locally in osteocytes mediates mechanosensitivity in bone [43] and promotes bone
formation [44]. The circulating IGF-1 measured in the studies included in the meta-analysis reflects
hepatic and osteocyte production. Both sources of IGF-I have been shown to stimulate
longitudinal bone growth and are thus bone anabolic [45]. However, studies in animals have
reported that liver-derived IGF-1 contributes only marginally to bone growth and regulation [46].
Therefore, the magnitude of the effect of hepatic IGF-1 on bone formation is controversial. Mice
with osteocyte-specific knockout of IGF-1 have impaired bone growth and decreased bone
turnover with lower levels of PINP and CTX [47]. Diabetes has been associated with low IGF-1-
levels [48] although the results are conflicting [49]. Based on our results, we speculate whether
unknown factors in diabetes promote changes in osteocyte function. The osteocyte dysfunction
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may facilitate changes in the levels of IGF-1 and sclerostin that affect the surrounding bone cells,
thus changing the bone turnover and fracture risk (Figure 12). However, currently available data
are based on observational data from cross-sectional studies that do not allow to reach a
conclusion concerning the cause and effect.

J, bone ) N fracture
formation _ risk
I 0\_

Osteocyte

Diabetes mellitus*

-

*see text for more details

Figure 12 Overview of the proposed mechanisms that promote changes in osteocyte
function leading to increased fracture risk for some persons with diabetes. Multiple
factors in diabetes including hyperglycemia, a relatively sedentary lifestyle, and
microvascular changes may promote osteocyte dysfunction. Osteocyte dysfunction may,
in turn, lead to increased sclerostin levels, decreased IGF-1 levels and hence decreased
bone formation that ultimately results in increased fracture risk for the subgroup of
persons with diabetes.

In a previous meta-analysis of observational studies, increased levels of PINP and CTX were
associated with increased fracture risk in the general population [16]. The results of the present
analysis are in contrast with this, as we found an association between low levels of PINP and
fracture status in diabetes. This observation might suggest that different fracture mechanisms
may be involved in patients with diabetes and without diabetes. Furthermore, although NTX levels
were higher in patients with diabetes with fracture, we did not find any significant differences in
the levels of the resorptive marker CTX in patients with or without fracture in both analyses.
Whether this was attributed to insufficient statistical power or because only bone formation and
not bone resorption differed between patients with diabetes with and without fracture, is a
limitation to the interpretation of the results. We observed higher levels of BAP in patients with
fracture as compared with those without fracture, suggesting increased mineralization in patients
with fracture, despite apparently decreased bone formation. However, the increased levels of BAP
in the fracture group could be influenced by fracture repair mechanisms. Most studies did not
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provide any information on the time from fracture incidence to analyses of levels of BMTs;
however, levels of BMTs are reported to change rapidly in the time following hip [50] and
vertebral [51] fractures in patients without diabetes. Recent fractures in some of the participants
in the group of fracture patients may, therefore, have resulted in a higher variation in levels of
BTMs.

We primarily applied the fixed effects model in our analyses. The fixed effects model assumes
that all included studies report on the same effect size; therefore, any inconsistency between the
studies is solely attributed to random sampling error. An advantage of using the fixed effects
model is that the included studies appear to be relatively similar concerning study population
(inclusion and exclusion criteria) and effect measure (fractures). A limitation of the fixed effects
model is that larger studies weigh more than smaller studies in the pooled estimate. Therefore,
we conducted a sensitivity analysis, where the largest study was excluded. In contrary to the fixed
effects model, the random effects model, which we used in secondary analyses, assumes that the
effect size is different in the included studies owing to heterogeneity or different study
characteristics. Consequently, the random effects model weighs large and small studies
accordingly. There is no definitive conclusion when selecting the appropriate model for analysis.

In the sensitivity analysis using the fixed effects model, the effect of study size was investigated
by excluding the study by Ardawi et al. [35]. Consequently, the levels of formative BTMs were not
significantly different between patients with diabetes with and without fracture. Furthermore, the
difference in the levels of NTX was non-significant between the groups, whereas the levels of CTX
changed to significantly lower in patients with diabetes and fracture as compared with those
without fracture. In the study by Ardawi et al., exclusion criteria were similar to the other studies;
however, a higher number of cases without fracture were included, and most notably, participants
had higher levels of HbAlc and a higher BMI. As both the non-fracture and the fracture groups
had higher HbA1c and BMI, selection bias was unlikely. Taken together, results from the sensitivity
analyses showed that a single study was responsible for a large part of the pooled risk estimate,
and this limited the interpretation of the results. However, the study design did not appear to
affect the results when sensitivity analyses were performed by excluding the only study with a
prospective design by Dai et al. [36].

The strengths of the present study are the thorough study selection and the overall high study
quality. All studies, except for one, excluded participants with renal failure, which is known to
affect bone turnover and BTMs. For the remaining study, we expect that any renal disease would
be present in both the compared groups and would balance out any possible confounding effect.
To assess any possible inter-assay variation, the type of assay employed in the analyses of levels of
BTMs were screened. For instance, for sclerostin, an assay from Biomedica was used in all studies
except for the study by Heilmeier et al. [37]. Concerning PINP, a number of different assays were
employed. All pooled estimates were reported as SMD, as this took into account both inter-assay
and intra-laboratory variations.

A limitation to our study was that the included studies investigated a wide range of fractures
with some studies only including vertebral fractures and others including fragility fractures or all
fractures including possible traumatic fractures. This diversity in the fracture site makes the results
valid to fractures in general in patients with diabetes; however, it may, in turn, limit the power of
the study. The included studies were from Asia, Europe, North America, and The Middle East. It is
well-known that the prevalence of insulin resistance and osteoporosis in the eastern and the
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western parts of the world differs; however, it is beyond the scope of this review to speculate
whether the mechanism of fracture in patients with diabetes may also diverge in different ethnic
populations. However, in each study, the case and the control groups had comparable ethnicity.

Another limitation to our study was the observational and cross-sectional design of the
included studies, preventing us to conclude on causality. Owing to the cross-sectional nature of
the studies, it was not possible to address whether low levels of certain BTMs caused fractures or
vice versa.

Two of the studies [30, 36] collected blood samples in a non-fasting state, which is known to
affect measurements of CTX [52]. Furthermore, not all studies excluded patients with high fall risk
or adjusted for falls in the data analysis. Fall risk may predispose some patients with diabetes to an
increased risk of fracture and we could not exclude the possibility that patients with fracture had
an increased fall risk owing to more severe disease and occurrence of diabetes complications.
Anti-diabetic drugs may influence bone turnover in different ways. However, all included studies
provided limited information on the use of anti-diabetic medication. This prevented the possibility
of adjusting for plausible increased fracture risks as a side-effect of anti-diabetic drugs, such as
thiazolidinediones, which were previously widely used in the treatment of diabetes; however,
these are now known to increase the risk of fracture [53]. Most studies excluded participants
taking anti-osteoporotic medications, an important confounder, as participants with previous
fractures could be susceptible to anti-osteoporotic treatment that could, in turn, alter the bone
turnover and levels of circulating BTMs. For vitamin D, two studies included participants taking
supplementation. One study reported no difference in circulating vitamin D levels between the
fracture and the no-fracture groups [38], whereas the other study found a positive correlation
between vitamin D levels and previous major osteoporotic fracture in sensitivity analyses [30]. Not
all studies provided information on the duration of diabetes. Most of our analyses employed both
patients with T1D and T2D, except for sclerostin where the analyses were performed with and
without patients with T1D. Changes in the bone turnover are potentially triggered by different
pathophysiological mechanisms in T1D and T2D, which potentially confound the estimates.

5. Conclusions

In conclusion, we observed that individuals with diabetes and fracture had higher levels of BAP
and lower levels of IGF-1 as compared with those without fractures. Furthermore, the data
suggested that patients with diabetes and fracture had lower levels of bone formation markers OC
and P1NP and also IGF-1, and higher levels of the bone resorption marker NTX and also sclerostin
as compared with those without fracture. However, some results were dependent on one large
study, and hence, we could only speculate an association between reduced bone formation in
patients with diabetes and fracture status.

The cross-sectional design of studies included in our analyses did not allow us to provide a
conclusion on causality. To evaluate whether levels of BTMs could predict the risk of fracture in
diabetes, further longitudinal studies are warranted, especially to investigate changes in BTMs
over time in patients with diabetes and occurrence of fracture.
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