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Abstract
Aims  The skeletal complications of type 1 diabetes (T1D) include low bone density, poor bone quality and fractures. Greater 
calcium intake, vitamin D intake, and physical activity are commonly recommended to improve bone health in patients with 
T1D. However, it is not clear whether these factors are affected by T1D or improve clinical outcomes.
Methods  The objective of this study was to systematically review the literature for evidence of associations between calcium 
intake, vitamin D intake, and physical activity and skeletal outcomes in T1D. In accordance with the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, twenty-two studies were included in this review.
Results  The prevalence of calcium deficiency was high and encompassed greater than 50% of participants in the majority of 
studies. Despite this finding, there was no clear association between calcium intake and bone density in any study. Calcitriol 
use was associated with gains in bone density in one study but was not associated with changes in bone turnover markers 
in a second report. No studies specifically investigated the impact of vitamin D2 or D3 supplementation on bone health. 
Two studies reported a beneficial effect of physical activity interventions on bone accrual in children. The findings from 
observational studies of physical activity were mixed.
Conclusion  There are insufficient data to determine if deficient calcium intake, vitamin D intake, or physical activity con-
tributes to the skeletal complications of T1D. Future studies specifically designed to assess the impact of these interventions 
on the skeleton in T1D participants are needed.

Keywords  Type 1 diabetes · Calcium · Vitamin D · Physical activity · Exercise · Bone density

Introduction

Type 1 diabetes (T1D) is a disease of absolute insulin defi-
ciency caused by autoimmune-mediated destruction of the 
insulin producing pancreatic beta cells. This incurable con-
dition typically develops during childhood and requires life-
long treatment with insulin to control hyperglycemia. Over 
time, inadequately controlled hyperglycemia contributes to 
the development of well-known systemic complications of 
diabetes including retinopathy, neuropathy, and nephropathy. 
More recently, it has become apparent that the skeleton is 
also adversely affected by T1D. Deficits in bone density have 
been identified in both pediatric and adult populations [1, 
2]. Patients with T1D have an increased risk of fracture that 
is apparent early in the disease course and persists across 
the entire lifespan [3, 4]. Of particular concern are findings 
that adults with T1D have up to a sevenfold greater risk of 
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suffering a hip fracture [5], a health outcome that is associ-
ated with significant morbidity, mortality, and societal cost 
[6].

There remains uncertainty regarding the appropriate 
clinical interventions that should be undertaken to prevent 
or treat T1D-related skeletal disease. The absence of robust 
practice guidelines in this area can be attributed to an incom-
plete understanding of the mechanisms underlying the skel-
etal fragility in T1D and a lack of evidence-based data to 
support specific treatment approaches [7]. As a general prin-
ciple, optimization of dietary factors (especially calcium and 
vitamin D) and weight-bearing physical activity are typically 
recommended for patients at increased risk of fracture [8]. 
Vitamin D is an essential regulator of calcium absorption, 
which in turn is critical for maintaining adequate bone min-
eralization and strength. Numerous studies have illustrated 
the importance of calcium and vitamin D to bone health in 
both pediatric and adult populations [9, 10]; however, there 
remains lack of consensus as to what constitutes optimal 
intake of either nutrient and expert committee recommenda-
tions have varied [11, 12]. Weight-bearing physical activity 
promotes skeletal health via an effect of loading to increase 
bone formation and exercise interventions have been shown 
to improve bone accrual during growth [13] and to prevent 
bone loss in older age [14].

Despite the potential importance of diet and exercise 
in this population at high risk for fractures, there may be 
disease-related factors that make it difficult for people with 
T1D to achieve adequate calcium intake and/or participate in 
physical activity. Optimal diabetes management dictates that 
mealtime insulin doses are in part determined by the amount 
of carbohydrates consumed. While carbohydrate consump-
tion is typically not specifically restricted, individuals may 
nevertheless alter their dietary habits and food selection in 
an attempt to lower insulin requirements. This hypothesis 
is supported by studies in children which have shown that 
milk consumption is reduced following T1D diagnosis in 
favor of carbohydrate-free beverages [15, 16]. Studies of 
nutrient intake in T1D populations have reported that fewer 
than 60% of teenagers met the recommended dietary allow-
ance (RDA) for calcium [17, 18]. The reported prevalence 
of insufficient calcium intake in healthy children has ranged 
from 35 to 85% [19], although direct comparisons of cal-
cium intake between T1D and healthy youth have not been 
widely reported. Participation in physical activity has been 
found to be lower in patients with T1D compared to healthy 
peers [20] and may be related to factors including fear of 
hypoglycemia or presence of diabetic complications includ-
ing neuropathy or retinopathy [21].

The objective of this study was to systematically review 
the published literature for evidence of an effect between 
calcium and vitamin D intake and/or physical activity on 
skeletal outcomes in children and adults with T1D.

Methods

A systematic search of the literature was conducted by 
a medical librarian in accordance with Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines [22] to identify studies related to 
the effects of calcium intake, vitamin D intake, or physi-
cal activity on bone health in people with T1D. Search 
terms were developed by an expert in T1D and bone 
health in consultation with a medical librarian. The 
search strategy combined both keywords and controlled 
vocabulary in the following databases from inception 
until the date the search was performed (listed in paren-
thesis): PubMed (2/23/2018), Embase (2/23/2018), 
Cochrane Library (2/26/2018), Cumulative Index to 
Nursing and Allied Health Literature (2/26/2018), Web 
of Science (3/12/2018), Clinicaltrials.gov (3/19/2018), 
CenterWatch (3/19/2018), Metaregister of Controlled 
Trials (3/19/2018), and Select Gray literature sources 
(3/19/2018). Full search details are provided in Supple-
mental Table 1.

The initial search yielded 601 citations. Abstracts were 
independently screened for eligibility by two reviewers 
who were blinded to each other using the Rayyan QCRI 
web-based review platform [23]. Eligibility criteria for 
inclusion in the final review were agreed upon prior to 
abstract screening and required that studies were con-
ducted in humans with T1D, were primary research, had 
a primary outcome related to bone health, and measured 
and reported associations between exposures (calcium 
intake/supplementation, vitamin D intake/supplementa-
tion, physical activity) and bone health outcomes (frac-
tures, bone density/mass, biochemical markers of bone and 
mineral metabolism) of interest. Both interventional and 
observational study designs were considered. Citations 
that referred to abstract-only or non-English language 
publications were excluded. Studies that were limited to 
biochemical measures of calcium and/or vitamin D (i.e. 
serum calcium or 25-OH vitamin D level) but did not 
directly assess calcium or vitamin D intake or evaluate the 
response to calcium or vitamin D supplementation were 
excluded and have been reviewed elsewhere [24, 25].

Conflicts related to eligibility criteria were resolved 
after both reviewers had completed their initial reviews 
via face-to-face discussion. If the conflict could not be 
resolved, the full text was requested for review. Full-text 
articles for citations meeting the eligibility criteria and 
with outstanding conflicts were independently assessed by 
the reviewers according to pre-determined criteria. The 
strength and significance of associations between expo-
sures of interest and bone health outcomes were abstracted 
from individual studies and summarized in tables and 
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narrative form. Secondary data items were additionally 
abstracted and included comparisons of calcium intake 
and physical activity between T1D vs control participants 
and the percentage of study participants that were meeting 
the RDA for calcium [11]. Data from secondary abstrac-
tion were combined and analyzed using standard summary 
statistics. The risk of bias was assessed at the study level 
for each included study.

Results

A total of 22 studies were selected for final inclusion into 
the systematic review. Details of the study selection process 
are provided in Fig. 1. Of the 22 included studies, 8 reported 
results relevant to the associations between calcium/vita-
min D intake and bone health; 8 reported on associations 
between physical activity and bone health; and 6 on associa-
tions between both calcium/vitamin D and physical activity.

Calcium and vitamin D intake studies

The characteristics and key findings of the calcium/vitamin 
D intake studies are summarized in Table 1. This included 
ten studies conducted in children or adolescents and four 
in adult populations. There was a single clinical trial that 
included an assessment of calcium and vitamin D supple-
mentation in a T1D cohort. In a study designed to assess the 
effect of alendronate on areal bone mineral density (aBMD), 
20 elderly women were assigned to an active comparator 
arm where they received 1000 mg elemental calcium (as cal-
cium carbonate) and 800 IU vitamin D3 daily. There was no 
change in spine aBMD over 24 months in those that received 
only calcium and vitamin D3 supplementation, whereas it 
significantly increased by 8.5% in those that additionally 
received alendronate [26]. The average calcium intake of 
participants prior to starting the study was not reported. 
There were two interventional studies that assessed the 
effects of calcitriol (active vitamin D) on skeletal outcomes 
in T1D participants, with mixed results. In a secondary 

Addi�onal full texts excluded2

(n = 10)
Additional full texts reviewed from cited 

works (n= 12 )

Records identified in electronic databases
(n=601)

Abstracts screened after duplicate removal
(n=594)

Records excluded1

(n = 479)

Full texts reviewed
(n = 115)

Studies included 
(n = 20)

Full texts excluded2

(n = 95)

Final publications included in systematic review
(n=22)

Duplicates removed
(n = 7)

Fig. 1   PRISMA flow diagram for literature search and article inclu-
sion. 1Exclusion criteria included non-human subjects, not primary 
research, did not have a primary outcome related to bone health, 
abstract-only publication, or non-English language. 2Additional 
exclusion criteria for full texts included failure to measure and/or 

report associations between exposures (calcium intake/supplementa-
tion, vitamin D intake/supplementation, physical activity) and bone 
health outcomes (fractures, bone density/mass, biochemical markers 
of bone and mineral metabolism) of interest



1094	 Acta Diabetologica (2019) 56:1091–1102

1 3

Ta
bl

e 
1  

C
ha

ra
ct

er
ist

ic
s a

nd
 fi

nd
in

gs
 o

f s
tu

di
es

 re
la

tin
g 

di
et

ar
y 

ca
lc

iu
m

 o
r v

ita
m

in
 D

 in
ta

ke
 to

 b
on

e 
he

al
th

 o
ut

co
m

es

A
ut

ho
rs

, y
ea

r (
co

un
try

)
St

ud
y 

de
si

gn
St

ud
y 

pa
rti

ci
pa

nt
s

M
et

ho
d 

of
 d

ie
ta

ry
 a

ss
es

sm
en

t/
in

te
rv

en
tio

n
B

on
e 

he
al

th
 o

ut
co

m
e(

s)
Re

le
va

nt
 fi

nd
in

gs

St
ud

ie
s s

ho
w

in
g 

a 
be

ne
fic

ia
l a

ss
oc

ia
tio

n 
be

tw
ee

n 
ca

lc
iu

m
 a

nd
/o

r v
ita

m
in

 D
 a

nd
 b

on
e 

he
al

th
 o

ut
co

m
es

 (n
 =

 2)
 A

l-Q
ad

re
h 

et
 a

l. 
19

96
 

(G
re

ec
e)

Lo
ng

itu
di

na
l o

pe
n-

la
be

l 
in

te
rv

en
tio

na
l

T1
D

: 8
M

, 4
F;

 a
ge

 1
2 ±

 1.
9a

O
ra

l 1
α-

O
H

D
3 0

.0
5 

µg
/k

g/
d 

fo
r 1

2 
m

on
th

s
SP

A
: r

ad
iu

s a
B

M
D

aB
M

D
 si

gn
ifi

ca
nt

ly
 in

cr
ea

se
d 

ov
er

 1
2 

m
on

th
s o

f t
re

at
m

en
t, 

p =
 0.

02
 W

eb
er

 e
t a

l. 
20

17
 (U

SA
)

C
ro

ss
-s

ec
tio

na
l o

bs
er

va
tio

na
l

T1
D

: 2
0F

; a
ge

 1
4.

2 
(r

an
ge

 
9.

1–
16

.5
)

C
a 

in
ta

ke
 b

y 
3-

da
y 

di
et

 
re

co
rd

, a
na

ly
ze

d 
by

 N
D

SR
Es

tim
at

ed
 c

al
ci

um
 re

te
n-

tio
n 

us
in

g 
a 

du
al

-s
ta

bl
e 

C
a 

is
ot

op
e 

m
et

ho
d

C
a 

in
ta

ke
 p

os
iti

ve
ly

 c
or

re
-

la
te

d 
w

ith
 c

al
ci

um
 re

te
n-

tio
n 

(S
pe

ar
m

an
’s

 rh
o 

0.
49

, 
p =

 0.
03

)
St

ud
ie

s s
ho

w
in

g 
no

 a
ss

oc
ia

tio
n 

be
tw

ee
n 

ca
lc

iu
m

 a
nd

/o
r v

ita
m

in
 D

 a
nd

 b
on

e 
he

al
th

 o
ut

co
m

es
 (n

 =
 12

)
 M

au
ge

ri 
et

 a
l. 

20
02

 (I
ta

ly
)

Lo
ng

itu
di

na
l i

nt
er

ve
nt

io
nb

T1
D

40
F;

 a
ge

 7
6 ±

 3
C

a 
ca

rb
on

at
e 

(1
 g

m
/d

) +
 vi

ta
-

m
in

 D
3 

(8
00

 IU
/d

) v
s 

C
a +

 vi
ta

m
in

 D
3 +

 al
en

-
dr

on
at

e 
fo

r 2
4 

m
on

th
s

D
X

A
: L

S 
aB

M
D

 Z
 sc

or
es

aB
M

D
 d

id
 n

ot
 si

gn
ifi

ca
nt

ly
 

ch
an

ge
 a

fte
r 2

4 
m

on
th

s o
f C

a 
ca

rb
on

at
e +

 vi
ta

m
in

 D
3 

al
on

e

 H
ea

p 
et

 a
l. 

20
03

 (U
SA

)
C

ro
ss

-s
ec

tio
na

l o
bs

er
va

tio
na

l
T1

D
30

M
, a

ge
 1

4.
6 ±

 1.
7;

 2
5F

, a
ge

 
14

.7
 ±

 1.
9

C
on

tro
ls

42
M

, a
ge

 1
4.

5 ±
 1.

9;
 5

3F
, a

ge
 

14
.8

 ±
 1.

5

C
a 

in
ta

ke
 b

y 
qu

es
tio

nn
ai

re
 

(u
nn

am
ed

)
D

X
A

: T
B

, L
S,

 h
ip

 a
B

M
D

pQ
C

T:
 ti

bi
a

C
a 

in
ta

ke
 d

id
 n

ot
 d

iff
er

 si
gn

ifi
-

ca
nt

ly
 in

 T
1D

 v
s c

on
tro

ls
C

a 
in

ta
ke

 n
ot

 si
gn

ifi
ca

nt
ly

 
as

so
ci

at
ed

 w
ith

 D
X

A
 o

r 
pQ

C
T 

ou
tc

om
es

 M
oy

er
-M

ile
ur

 e
t a

l. 
20

04
 

(U
SA

)
Lo

ng
itu

di
na

l o
bs

er
va

tio
na

l
T1

D
26

M
, a

ge
 1

4.
9 ±

 1.
8;

 1
6F

, a
ge

 
14

.1
 ±

 1.
8

C
on

tro
ls

90
M

, a
ge

 1
5.

0 ±
 2.

1;
 1

09
F,

 
ag

e 
15

.1
 ±

 1.
0

C
a 

in
ta

ke
 b

y 
qu

es
tio

nn
ai

re
 

(u
nn

am
ed

)
D

X
A

: T
B

, L
S,

 h
ip

 a
B

M
D

pQ
C

T:
 ti

bi
a

C
a 

in
ta

ke
 d

id
 n

ot
 d

iff
er

 si
gn

ifi
-

ca
nt

ly
 in

 T
1D

 v
s c

on
tro

ls
C

a 
in

ta
ke

 n
ot

 si
gn

ifi
ca

nt
ly

 
as

so
ci

at
ed

 w
ith

 c
ha

ng
es

 in
 

D
X

A
 o

r p
Q

C
T

 V
al

er
io

 e
t a

l. 
20

04
 (I

ta
ly

)
C

ro
ss

-s
ec

tio
na

l o
bs

er
va

tio
na

l
T1

D
46

 M
, a

ge
 1

1.
9 ±

 4.
1;

 4
0F

, a
ge

 
11

.8
 ±

 4.
3

C
a 

in
ta

ke
 b

y 
FF

Q
 (u

nn
am

ed
)

Q
U

S:
 fi

rs
t p

ha
ly

nx
 sp

ee
d 

of
 

so
un

d 
(S

oS
) Z

 sc
or

e
C

a 
in

ta
ke

 n
ot

 si
gn

ifi
ca

nt
ly

 c
or

-
re

la
te

d 
w

ith
 S

O
S

 Ja
ng

ho
rb

an
i e

t a
l. 

20
06

 
(U

SA
)

Re
tro

sp
ec

tiv
e 

lo
ng

itu
di

na
l

T1
D

29
2F

; a
ge

 5
4.

7 ±
 9.

3
C

on
tro

ls
10

1,
34

3F
, a

ge
 (5

5.
9 ±

 9.
4)

C
a 

an
d 

V
ita

m
in

 D
 in

ta
ke

 b
y 

FF
Q

 (u
nn

am
ed

)
Fr

ac
tu

re
C

a 
in

ta
ke

 n
ot

 si
gn

ifi
ca

nt
ly

 d
if-

fe
re

nt
 in

 T
1D

 v
s c

on
tro

ls
C

a 
in

ta
ke

 d
id

 n
ot

 a
lte

r a
ss

o-
ci

at
io

n 
be

tw
ee

n 
T1

D
 a

nd
 

in
cr

ea
se

d 
fr

ac
tu

re
 ri

sk
B

ra
nd

ao
 e

t a
l. 

20
07

 (B
ra

zi
l)

C
ro

ss
-s

ec
tio

na
l o

bs
er

va
tio

na
l

T1
D

44
 M

/F
; a

ge
 1

5.
5 ±

 2.
4

C
on

tro
ls

22
 M

/F
; a

ge
 1

4.
6 ±

 2.
8

C
a 

in
ta

ke
 b

y 
qu

es
tio

nn
ai

re
 

(u
nn

am
ed

)
D

X
A

: L
S 

B
M

C
 a

nd
 a

B
M

D
 

Z 
sc

or
es

C
a 

in
ta

ke
 n

ot
 si

gn
ifi

ca
nt

ly
 d

if-
fe

re
nt

 in
 T

1D
 v

s c
on

tro
ls

C
a 

in
ta

ke
 n

ot
 si

gn
ifi

ca
nt

ly
 

as
so

ci
at

ed
 w

ith
 B

M
C

 o
r 

aB
M

D



1095Acta Diabetologica (2019) 56:1091–1102	

1 3

1α
-O

H
D

3 
1a

lp
ha

-h
yd

ro
xy

 v
ita

m
in

 D
3,

 a
BM

D
 a

re
al

 b
on

e 
m

in
er

al
 d

en
si

ty
, B

M
C

 b
on

e 
m

in
er

al
 c

on
te

nt
, β

-C
TX

 b
et

a 
cr

os
s-

la
ps

, F
 fe

m
al

e,
 F

FQ
 F

oo
d 

Fr
eq

ue
nc

y 
Q

ue
sti

on
na

ire
, I

Q
R 

in
te

r-q
ua

rti
le

 
ra

ng
e,

 L
S 

lu
m

ba
r s

pi
ne

, M
 m

al
e,

 M
ET

 m
et

ab
ol

ic
 e

qu
iv

al
en

t t
im

e,
 N

D
SR

 N
ut

rit
io

n 
D

at
a 

Sy
ste

m
 fo

r R
es

ea
rc

h 
pr

og
ra

m
, O

C
N

 o
ste

oc
al

ci
n,

 S
PA

 si
ng

le
 p

ho
to

n 
ab

so
rp

tio
m

et
ry

, T
1D

 ty
pe

 1
 d

ia
be

te
s, 

TB
 to

ta
l b

od
y

a  A
ge

 e
xp

re
ss

ed
 in

 y
ea

rs
, a

ll 
su

ch
 v

al
ue

s
b  N

ot
 n

ot
ed

 if
 su

bj
ec

ts
 w

er
e 

ra
nd

om
iz

ed
 o

r b
lin

de
d

c  A
dj

us
te

d 
fo

r a
ge

 a
nd

 h
ei

gh
t

Ta
bl

e 
1  

(c
on

tin
ue

d)

A
ut

ho
rs

, y
ea

r (
co

un
try

)
St

ud
y 

de
si

gn
St

ud
y 

pa
rti

ci
pa

nt
s

M
et

ho
d 

of
 d

ie
ta

ry
 a

ss
es

sm
en

t/
in

te
rv

en
tio

n
B

on
e 

he
al

th
 o

ut
co

m
e(

s)
Re

le
va

nt
 fi

nd
in

gs

H
ei

lm
an

 e
t a

l. 
20

09
 (E

sto
ni

a)
C

ro
ss

-s
ec

tio
na

l o
bs

er
va

tio
na

l
T1

D
19

M
, 1

1F
; a

ge
 1

3.
1 ±

 3.
6

C
on

tro
ls

19
M

, 1
1F

, a
ge

 1
3.

2 ±
 3.

9

C
a 

in
ta

ke
 b

y 
qu

es
tio

nn
ai

re
 

(u
nn

am
ed

)
D

X
A

: T
B

, L
S 

B
M

C
 a

nd
 

aB
M

D
c

C
a 

in
ta

ke
 n

ot
 si

gn
ifi

ca
nt

ly
 d

if-
fe

re
nt

 in
 T

1D
 a

nd
 c

on
tro

ls
aB

M
D

 d
id

 n
ot

 d
iff

er
 si

gn
ifi

-
ca

nt
ly

 a
m

on
g 

th
os

e 
w

ith
 lo

w
, 

m
od

er
at

e,
 o

r h
ig

h 
C

a 
in

ta
ke

Ja
nn

er
 e

t a
l. 

20
10

 (S
w

itz
er

-
la

nd
)

C
ro

ss
-s

ec
tio

na
l o

bs
er

va
tio

na
l

T1
D

12
9 

M
/F

; a
ge

 1
1.

6 
(9

5%
 C

I 
11

.0
–1

2.
3)

C
a 

in
ta

ke
 b

y 
FF

Q
 (u

nn
am

ed
)

V
ita

m
in

 D
 st

at
us

 b
as

ed
 o

n 
se

ru
m

 2
5-

O
H

 v
ita

m
in

 D
 

le
ve

l

D
ie

ta
ry

 C
a 

in
ta

ke
 n

ot
 si

g-
ni

fic
an

tly
 a

ss
oc

ia
te

d 
w

ith
 

vi
ta

m
in

 D
 st

at
us

M
ag

gi
o 

et
 a

l. 
20

10
 (S

w
itz

er
-

la
nd

)
C

ro
ss

-s
ec

tio
na

l o
bs

er
va

tio
na

l
T1

D
13

M
, 1

4F
; a

ge
 1

0.
5 ±

 2.
4

C
on

tro
ls

16
M

, 1
6F

; a
ge

 1
0.

5 ±
 2.

5

C
a 

in
ta

ke
 b

y 
FF

Q
 (u

nn
am

ed
)

D
X

A
: T

B
, L

S,
 F

N
 a

B
M

D
 Z

 
sc

or
es

D
ie

ta
ry

 C
a 

in
ta

ke
 si

gn
ifi

ca
nt

ly
 

lo
w

er
 in

 T
1D

 v
s c

on
tro

ls
 

(p
 =

 0.
01

)
D

ie
ta

ry
 C

a 
in

ta
ke

 n
ot

 si
gn

ifi
-

ca
nt

ly
 a

ss
oc

ia
te

d 
w

ith
 a

B
M

D
 

Z 
sc

or
es

 in
 T

1D
 o

r c
on

tro
ls

Si
m

m
on

s e
t a

l. 
20

11
 (U

SA
)

C
ro

ss
-s

ec
tio

na
l o

bs
er

va
tio

na
l

T1
D

—
go

od
 c

on
tro

l
29

M
, 1

1 
F;

 a
ge

 1
5.

2 
(I

Q
R

:1
4.

3–
16

.1
)

T1
D

—
po

or
 c

on
tro

l
11

M
, 1

6F
; a

ge
 1

6.
4 

(I
Q

R
:1

5.
1,

17
.8

)

C
a 

an
d 

vi
ta

m
in

 D
 b

y 
3-

da
y 

di
et

 re
co

rd
, a

na
ly

ze
d 

by
 

N
D

SR

D
X

A
: T

B
 a

nd
 L

S 
B

M
D

 Z
 

sc
or

es
Se

ru
m

 m
ar

ke
rs

 o
f b

on
e 

tu
rn

ov
er

C
a 

an
d 

vi
ta

m
in

 D
 in

ta
ke

 n
ot

 
si

gn
ifi

ca
nt

ly
 a

ss
oc

ia
te

d 
w

ith
 

gl
yc

em
ic

 c
on

tro
l

A
ss

oc
ia

tio
n 

be
tw

ee
n 

C
a/

vi
ta

-
m

in
 D

 in
ta

ke
 a

nd
 B

M
D

 n
ot

 
re

po
rte

d
N

ap
ol

i e
t a

l. 
20

13
 (I

ta
ly

)
Lo

ng
itu

di
na

l r
an

do
m

iz
ed

 p
la

-
ce

bo
 c

on
tro

lle
d 

in
te

rv
en

tio
n

T1
D

—
pl

ac
eb

o
8M

, 7
F;

 a
ge

 2
2.

0 ±
 2.

3
T1

D
-d

ru
g

8M
, 4

F 
ag

e 
22

.8
 ±

 2.
1

O
ra

l c
al

ci
tri

ol
 0

.2
5 

µg
 d

ai
ly

 
fo

r 1
2 

m
on

th
s

Se
ru

m
 m

ar
ke

rs
 o

f b
on

e 
tu

rn
o-

ve
r (

O
C

N
, β

-C
TX

)
N

o 
eff

ec
t o

f c
al

ci
tri

ol
 in

te
rv

en
-

tio
n 

on
 1

2-
m

on
th

 c
ha

ng
e 

in
 

O
C

N
 o

r β
-C

TX

K
uj

at
h 

et
 a

l. 
20

15
 (U

SA
)

C
ro

ss
-s

ec
tio

na
l o

bs
er

va
tio

na
l

T1
D

89
F;

 a
ge

 2
7.

9 ±
 6.

8
C

on
tro

ls
76

F 
ag

e 
28

.4
 ±

 8.
2

C
a 

in
ta

ke
 b

y 
FF

Q
 (u

nn
am

ed
)

D
X

A
: h

ee
l, 

fo
re

ar
m

 a
B

M
D

Se
ru

m
 m

ar
ke

rs
 o

f b
on

e 
an

d 
m

in
er

al
 m

et
ab

ol
is

m

C
a 

in
ta

ke
 n

ot
 si

gn
ifi

ca
nt

ly
 

di
ffe

re
nt

 b
et

w
ee

n 
T1

D
 v

s 
co

nt
ro

ls
C

a 
in

ta
ke

 n
ot

 si
gn

ifi
ca

nt
ly

 
as

so
ci

at
ed

 w
ith

 a
B

M
D

 o
r a

ny
 

sk
el

et
al

 o
ut

co
m

e 
in

 e
ith

er
 

gr
ou

p



1096	 Acta Diabetologica (2019) 56:1091–1102

1 3

analyses of a randomized, controlled trial (RCT) to assess 
the effect of calcitriol on beta-cell function in 27 young 
adults, Napoli et al. found no effect of calcitriol on markers 
of bone turnover [27]. By contrast, Al-Qadreh et al. found 
that BMD increased over 12 months in response to daily 
calcitriol in an unblinded, uncontrolled study performed in 
12 T1D children with low baseline BMD [28]. No studies 
of vitamin D supplementation with either cholecalciferol or 
ergocalciferol were identified.

There were eleven observational studies that assessed 
dietary calcium intake, nine by a Food Frequency Question-
naire [29–37] and two by 3-day diet recall [38, 39]. Dietary 
calcium intake was not associated with bone density (seven 
studies [31–37, 39]), fractures (one study [32]) or other 
markers of bone mineral metabolism (two studies [29, 30]). 
A study that investigated calcium metabolism using stable 
isotopes found that calcium intake was positively associ-
ated with estimated calcium retention in adolescent girls 
with T1D but did not measure BMD [38]. A comparison 
between the average dietary calcium intake in T1D partici-
pants and healthy controls is shown in Fig. 2. Mean calcium 
intake among T1D participants varied widely, from less than 
500 mg/day to more than 1300 mg/day. Calcium intake did 
not differ statistically between T1D and healthy participants 
in any of the seven studies that included a control popula-
tion [29–33, 36]. Of the seven studies that reported dietary 
calcium intake in T1D participants relative to the RDA, the 
majority (86%) found that at least half of T1D participants 
were not consuming the recommended amount of calcium 

(Fig. 3). One additional study reported that the calcium 
intake of T1D participants was “adequate” but did not quan-
tify this statement relative to the RDA [30].

Physical activity studies

The characteristics and key findings of the physical activ-
ity studies are summarized in Table 2. This included seven 
studies conducted in children or adolescents, six in adults, 
and one in a combined population. Two interventional stud-
ies investigated the effects of physical activity on skeletal 
outcomes in children with T1D. Elhabashy et al. reported 
that femoral neck aBMD increased by 3% over 3 months in 
11 T1D adolescents that completed a thrice weekly aerobic 
exercise program [40]. There was no control group and 54% 
of enrolled participants did not complete the intervention. In 
an RCT, Maggio et al. reported that 15 children and young 
adolescents who completed a twice weekly weight-bearing 
physical activity program demonstrated greater gains in 
whole body and spine aBMD over 9 months compared to 
12 T1D similarly aged controls [41]. The effect size in T1D 
subjects was similar to what was seen in an additional arm 
of healthy children of similar age.

Twelve observational (ten cross-sectional and two lon-
gitudinal) studies reported associations between physi-
cal activity and skeletal outcomes. Of these, four (three in 
adults and one in children) reported a significant positive 
association with a measure of activity and a skeletal out-
come. Maser et al. found that objectively measured energy 

Brandao Maggio Janghorbani Kujath Moyer-
Mileur Heap Simmons Janner Valerio Weber

 T1D 446 524 1003 1199 1356 1463 779 845 1041 1300
Controls 438 800 988 1058 1390 1259
Age (yrs.)
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Fig. 2   Comparison of dietary calcium intake in participants with type 
1 diabetes (T1D) versus healthy controls assessed by Food Frequency 
Questionnaire (n = 8) and dietary recall (n = 2). Error bars represent 
standard deviation and were taken directly from manuscripts. None of 
the studies reported a significant difference in calcium intake in T1D 
vs control participants. Studies by Simmons et al., Janner et al., and 

Weber et  al. did not have a control group. Data for Valerio, Moyer-
Mileur, and Janner studies represent average of reported sex-specific 
values; in all cases, there was no difference by sex. Values below the 
X-axis represent mean calcium intake for T1D and control partici-
pants. Age of study participants is reported as range, if available, oth-
erwise as mean ± standard deviation
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expenditure by accelerometry was associated with whole 
body and hip bone mineral content (BMC) in 66 young 
T1D adults [42]. Kujath et al. [37], Salvatoni et al. [43], and 
Joshi et al. [44] all reported positive associations between 
subjective measures of activity and aBMD in T1D par-
ticipants. Eight studies did not find a relationship between 
physical activity and skeletal outcomes [29, 30, 32, 34, 36, 
45–47]. There were no reports of a negative relationship 
between physical activity and a skeletal outcome in any of 
the included studies.

The method of physical activity assessment varied across 
studies. Three studies [34, 36, 42] reported objective meas-
ures of activity recorded by accelerometer, including activity 
counts (two studies [34, 41]) and energy expenditure (one 
study [42]). Ten studies [29, 30, 32, 37, 41, 43–47] reported 
subjective measures of activity determined by questionnaire, 
only three of these provided the name of the questionnaire 
that was used. Subjective activity outcomes included time 
spent in physical activity (four studies [32, 41, 43, 47]), met-
abolic equivalent time (three studies [29, 30, 44]), categori-
zation of relative activity (two studies [45, 46]) and energy 
expenditure (one study [37]). The time spent in physical 
activity by T1D participants across the studies is shown in 
Fig. 4. In the eight studies that compared physical activity 
in T1D compared to control participants, only one showed 
a significant difference, with lower physical activity in the 
T1D group [36].

Risk of bias

The majority (17/22) of included studies were determined 
to be at risk of selection bias as a result of observational or 
retrospective study design and/or reliance on convenience 
samples of T1D participants. These studies were also at risk 
of reporting bias, as in many cases calcium intake, vitamin 
D intake, and/or physical activity were not the primary 

exposures of interest which may have contributed to under or 
incomplete reporting of associations between exposures and 
outcomes of interest. Two of the five interventional studies 
were randomized controlled trials [27, 41] including one that 
was double blinded [27] and one in which only investigators 
were blinded [41]. Therefore, four out of five interventional 
studies were at risk of performance and detection bias. It 
should be noted, however, that in all cases the primary out-
comes were objectively measured (BMD by DXA in four out 
of five, biochemical markers in one) which mitigates the risk 
of these forms of bias to some degree.

Discussion

Low bone mass and skeletal fragility are now widely rec-
ognized as clinically relevant complications of T1D [48]. 
Despite the growing interest in this topic, there is little con-
sensus on how best to prevent or treat impaired bone health 
in the T1D population. Recommendations often center on 
increasing calcium intake and physical activity, but data 
to support these interventions in T1D patients are scarce. 
In this systematic review, we identified a substantial num-
ber of publications that were related to bone health in T1D 
(n = 127). However, very few (n = 22) assessed the relation-
ships between the intake or supplementation of calcium and 
vitamin D and/or physical activity and bone health outcomes 
in T1D participants.

None of the included studies reported a significant asso-
ciation between calcium intake and bone density in T1D par-
ticipants. There was only one calcium interventional study, 
which found no effect of calcium and vitamin D supplemen-
tation on aBMD [26]. The interpretation of the findings of 
this study is limited by a small sample size, the fact that cal-
cium/vitamin D supplementation was not the primary expo-
sure and that there was no placebo group. Greater calcium 

Fig. 3   Percentage of par-
ticipants with type 1 diabetes 
(T1D) not meeting the recom-
mended dietary allowance 
(RDA) for calcium intake. RDA 
for calcium intake: 4–8 years 
old, 1000 mg/day; 9–18 years 
old, 1300 mg/day. Solid bars 
represent studies done in 
children; dashed bars represent 
studies done in adults
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intake was associated with greater calcium retention in a 
small study conducted in growing adolescent females with 
T1D [38]. Additionally, a quarter of the study participants 
were found to have negative estimated calcium retention (i.e. 
calcium losses from urine and stool were estimated to exceed 
calcium absorption from the gastrointestinal tract). While 
preliminary, these findings support the need for additional 
studies to determine if impaired calcium retention is a con-
tributor to impaired bone accrual in T1D.

The effect of calcitriol (active vitamin D) on bone health 
was assessed in two studies. The first reported a beneficial 
effect on aBMD children [28]; however, the impact of the 
findings is limited by small sample size and lack of a con-
trol group. The second study found no effect of calcitriol on 
bone formation as assessed by bone turnover markers [27]. 
The clinical significance of these findings is unclear in the 
absence of aBMD or other measure of bone mass. A poten-
tial drawback to the use of calcitriol in the T1D population is 
the propensity of this medication to increase urinary calcium 
excretion. Patients with T1D may already have excess uri-
nary calcium excretion at baseline [38, 49] and indeed one 

subject had to be withdrawn from the Al-Qadreh study due 
to the development of hypercalciuria [28].

There were no studies that investigated the effect of vita-
min D supplementation on bone health outcomes in T1D 
participants. Vitamin D deficiency is common in T1D popu-
lations, with many [24], but not all [50], studies reporting 
that vitamin D levels were lower in T1D participants com-
pared to healthy individuals. We note that there has been 
considerable interest in the investigation of potential off-
target effects of vitamin D in the development of T1D. The 
findings of these studies have been reviewed elsewhere [51, 
52] and were excluded from the present analyses if they did 
not report a relevant bone health outcome.

With respect to physical activity, there were two small 
interventional studies in children with T1D that reported a 
positive effect of exercise on aBMD [40, 41]. The nature and 
duration of the interventions differed, with one assessing the 
effect of a non-weight-bearing ergometer intervention over 3 
months [40] and the other a mixture of weight-bearing activ-
ities over 9 months [41]. It is interesting to note that aBMD 
increased in response to the non-weight-bearing activity, 
as bone formation in response to mechanosensation is the 
primary mechanism by which bone density is thought to 
increase with exercise [53]. The interpretation of this study 
is limited by the use of raw aBMD values (rather than Z 
scores) in a population where aBMD would be expected 
to increase over time, by lack of a control group, and a 
high drop-out rate. There were no adverse events related 
to hypoglycemia in either study, supporting the safety of 
conducting supervised exercise interventions in the pediatric 
T1D population. The findings of studies that reported cross-
sectional associations between physical activity and bone 
health outcomes were mixed and difficult to synthesize given 
the variety of ways in which physical activity was assessed.

This systematic review has limitations. A major limitation 
of the published literature was the use of a wide variety of 
different measures to assess both calcium intake and physi-
cal activity. Previous studies have found poor correlations 
between different subjective measures of calcium intake 
[54], for example, which speak about the limitations of 
combining results from different tools for analysis. Addi-
tionally, the majority of the studies employed observational 
cross-sectional study designs which do not all allow for the 
assessment of causality. Finally, the study is at risk of pub-
lication bias, particularly as non-significant findings may be 
less likely to be published.

Conclusion

In summary, there is insufficient evidence to determine if 
deficiencies in calcium intake, vitamin D intake and physical 
activity are important contributors to the abnormal skeletal 
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Fig. 4   Comparison of subjectively assessed physical activity in par-
ticipants with type 1 diabetes vs healthy controls reported as (a) time 
spent in physical activity (hrs/wk) and (b) metabolic equivalents 
(MET, h/week). Values below X-axis represent group means, error 
measurements were taken directly from manuscripts. Error bars rep-
resent standard deviation except for Maggio et  al. (standard error). 
*Statistical difference between T1D and controls, p < 0.05
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phenotype of T1D or whether prescription of calcium, vita-
min D, or an exercise regimen will improve bone health in 
this population. Dietary calcium deficiency was common in 
T1D research participants, but was no more prevalent than 
what was observed in healthy comparison groups. Properly 
designed prospective, interventional studies that evaluate the 
effect of dietary modification or calcium supplementation 
on bone accrual in calcium-deficient T1D participants are 
needed. The findings of increased bone accrual following 
exercise interventions in two small studies in children are 
promising but need to be evaluated in larger cohorts. Studies 
that directly compare the effects of weight-bearing vs non-
weight-bearing interventions would be of interest, and may 
yield insight into the mechanisms that underlie impaired 
bone accrual in T1D. Finally, the assessment and reporting 
of calcium intake and physical activity in clinical studies of 
T1D would benefit from greater standardization to allow for 
more accurate comparisons across studies.
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