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Abstract
The prevalence of multimorbidity (≥1 disease within an individual) is rapidly

increasing. So far, studies on the relationship between vitamin D and morbidity are

mainly focusing on effects on single disease domains only, while vitamin D biology is
associated with several diseases throughout the human body.

We studied 8726 participants from the LifeLines Cohort Study (a cross-sectional,

population-based cohort study), and used the self-developed composite morbidity
score to study the association between vitamin D levels and multimorbidity.

Study participants (mean age 45(13) years, 73% females) had a mean plasma

vitamin D level of 59(22) nmol/L. In participants aged between 50-60 years, 58%

had ≥ 2 affected disease domains, while MS increased with age (70-80 years: 82%

morbidity score>1, >80 years: 89% morbidity score>1). Each incremental reduction
by 1 standard deviation (SD) of vitamin D level was associated with an 8% higher

morbidity score (full model OR 0.92 [95%CI 0.88-0.97], p=0.001). Participants with

vitamin D levels <25nmol/L were at highest risk for increasing morbidity prevalence
(vs. >80nmol/L, OR 1.34 [95%CI 1.07-1.67, p=0.01].

Low levels of vitamin D are associated with higher prevalence of multimorbidity,

especially in participants with vitamin D levels<25 nmol/L. Collectively, our results

favor a general, rather than an organ-specific approach when assessing the impact of
vitamin D deficiency.
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Introduction
The prevalence of multimorbidity, commonly defined as the manifestation of more than one
single disease in an individual at a given point in time, is on a rapid increase. However, due
to a lack of consensus as to how multimorbidity itself is defined (1), the true prevalence
of multimorbidity in the general population remains unclear, with estimates ranging from
17-90% (2). It is apparent that the presence of multimorbidity is associated with a higher
mortality risk, impaired physical and mental functioning as well as a decreased quality
of life (3), yet resources continue to be directed towards addressing organ-specific single
diseases whilst multimorbidity attracts relatively less attention. The increasing prevalence
of multimorbidity in the ageing population thus urges health care professionals to address
multiple medical problems in different disease domains in an orchestrated effort (4).
Over the last few decades, the pathophysiological effects of vitamin D deficiency on the
human body have been extensively studied and it is now a widely accepted fact that vitamin
D deficiency is a global problem (5). Data from clinical and epidemiological studies suggest
that low vitamin D levels are associated with a variety of acute and chronic diseases
(6). Traditionally, vitamin D is considered to act on calcium and phosphate homeostasis,
but recent research has shown that low vitamin D levels are associated with a wide
range of non-skeletal impairments as well, including depression (7) , cardiovascular and
cerebrovascular disease (8) , and several types of cancers (9). Despite this however, studies
on the relationship between vitamin D and disease have mainly focused on patients with
a single disease domain present even though there is sufficient evidence to suggest that
vitamin D biology is associated with several diseases throughout the human body. These
observations in the literature provided a rationale for us to study the association between
vitamin D and multimorbidity.
Since vitamin D may influence several organ systems simultaneously, we studied the
association of vitamin D levels and prevalence of multimorbidity using data from a large
population based study in the Netherlands (the LifeLines Cohort).

We hypothesized that low plasma concentrations of vitamin D are associated with increased
prevalence of multimorbidity in the general population, especially in participants with
vitamin D levels below 25 nmol/L.
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Material & Methods
This manuscript was written in adherence to the guidelines of Strengthening The Reporting
of Observational Studies in Epidemiology (STROBE) (10).

Study design. In this cross-sectional study, we collected data from participants of the
LifeLines Cohort Study. Prior to the first visit at the LifeLines outpatient clinic, all
participants were asked to complete a self-administered questionnaire, requiring them to
provide information pertaining to their medical history, current diseases, use of medication,
and health behavior. Simultaneously, participants were instructed to bring in a detailed
list with information about their latest medication used, which was then registered in
the LifeLines database (verification took place at a later time point). During the first
visit to the LifeLines outpatient clinic, all LifeLines participants underwent a clinical
examination, followed by blood and urine collection. In addition, current psychiatric
disorders (depressive disorder, dysthemia, and anxiety disorders) were assessed with a
brief standardized diagnostic interview: the Mini International Neuropsychiatric Interview
(M.I.N.I.) 5.0.0 (11). Data from the questionnaires, medication list, clinical examination,
and M.I.N.I interview were collectively used to determine point prevalence of disease in
this population, with a simple morbidity score as the composite endpoint. More detailed
information about the data collection can be found in appendix I.

Lifelines Cohort Study. LifeLines is a multi-disciplinary population-based cohort study that
examines the health and the health-related behaviors of 167,729 persons living in the North
East region of The Netherlands in a unique three-generation design (12). It employs a broad
range of data collection including biomedical, socio-demographic, behavioral, physical and
psychological factors that contribute to the health and disease of the general population,
with a special focus on multimorbidity. All LifeLines participants completed a number of
questionnaires containing questions on a broad spectrum of diseases, including obesity,
cardiovascular and renal diseases, pulmonary diseases and allergy, cognitive function and
depression, and musculoskeletal conditions. After completion of these questionnaires,
LifeLines participants were invited for clinical examination and blood sampling at the
LifeLines outpatient clinic.

68

Study population. LifeLines participants were invited through their general practitioner.
A selection of general practitioners from the three northern provinces (situated at the
53rd parallel, Northern hemisphere) of the Netherlands, invited all of their listed patients
between 25 and 50 years of age (index cohort). These probands were then asked to invite
their family members (if present) to participate as well (parents, partners, parents-inlaw, children). The inclusion phase was closed in December 2013 with a total of 167,729
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participants. From this cohort, 9109 plasma samples were randomly selected in which we
determined vitamin D levels (Figure 1). The study protocol was approved by the medical
ethics review committee of the University Medical Center Groningen (UMCG) and conducted
in accordance with the Declaration of Helsinki. All participants provided written informed
consent upon enrollment.

Figure 1 - Relationship between season of blood sampling and vitamin D levels. Data are presented in

Tukey boxplot (median [IQR]). ***p<0.001 as compared to previous season. Data is analyzed using one-way
ANOVA (post hoc testing with Bonferroni). Outliers are not presented.

Vitamin D assay. Plasma 25-Hydroxyvitamin D3 levels were measured by solid phase
extraction isotope dilution followed by liquid chromatography–tandem mass spectrometry
(Spark-Holland Symbiosis system, Emmen, The Netherlands) with a detection limit of 1.2
nmol/L, and intra-assay and inter-assay coefficient of variation from 5.0% up till 14.1%
vitamin D levels were measured in nmol/L (2.5 nmol/L is equivalent to 1 ng/mL) and
categorized using the following cut-offs (13): sufficient (>80 nmol/L), hypovitaminosis D
(50-80 nmol/L), insufficient (25-50 nmol/L) and deficient (<25 nmol/L).

Defining single morbidities, disease domains, and morbidity score. Single morbidities were
scored according to the 10th edition of the International Statistical Classification of Diseases
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and Related Health Problems (ICD-10) (14) (for a detailed list of single morbidities see
appendix II). Next, single morbidities were clustered into twelve different disease domains:
genitourinary, renal, hematologic, dermatologic, musculoskeletal, ophthalmic & ear-nosethroat (ENT), psychiatric, endocrine, cardiovascular, respiratory, central nervous system
(CNS) and gastrointestinal disease (for a detailed list of single morbidities within each
disease domain see appendix II). Together, these twelve disease domains represent health
and disease of the entire body. Scrutinizing relevant literature reveals that a standardized
approach for measuring multimorbidity does not exist. Therefore, we calculated a simple
morbidity score as a composite endpoint, in which a disease domain is considered as
“affected” when at least one single disease is present within this disease domain shortly
before and during the first visit at LifeLines outpatient clinic. The morbidity score thus
represents point prevalence of twelve disease domains, with a maximum score of twelve.
Unfortunately, this method of registration has inherent uncertainties concerning sensitivity
of disease-registration. Therefore, self-reported diseases were registered in this study when
the use of appropriate medication was verified.
Statistical analyses. Baseline characteristics are presented according to vitamin D
categories. Continuous data are represented as means ± standard deviation (SD) for
normally distributed data and as medians with InterQuartile Ranges (IQR) for non-normal
distributions. Discrete and categorical data are presented as frequencies (%).
Unless specified otherwise, outcomes were compared to participants who had vitamin D
levels in the sufficient category (>80 nmol/L). For continuous data, baseline differences
among the four vitamin D categories were tested using one-way ANOVA or Kruskal Wallis
tests, as appropriate. Baseline differences between different vitamin D categories for
discrete and categorical variables were compared using a standard Chi2-test.

It is known that vitamin D levels significant correlate with season of blood withdrawal
(15). In order to confirm the relationship between vitamin D levels and season of blood
withdrawal in our participants, we performed a Spearman’s rho test. Additionally, as
described previously (15), we added two variables (R= cos([2π/365.25]*day) and S=
sin([2π/365.25]*day) to correct for plasma vitamin D levels and day of blood sampling in all
subsequent analyses.
To study the association between vitamin D levels and a single disease domain we used
logistic regression analyses. In addition, to study the association between vitamin D levels
as well as vitamin D categories with morbidity score we used ordinal logistic regression
analyses. The proportional odds assumption for the ordinal logistic models were checked
70
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and met. Odds ratios (ORs) were reported with 95% confidence interval [95% CI]. In the
primary analyses, we studied the association between vitamin D levels and vitamin D
categories with single disease domains and morbidity score without assessment for covariates. In addition to these analyses, we created a model to adjust for risk-factors for
morbidity, and determinants of plasma vitamin D levels. This model controlled for several
determinants of both morbidity and plasma vitamin D levels (sex, age, BMI, smoking, kidney
function (16)), lifestyle factors related to morbidity and vitamin D levels (education level,
physical activity, alcohol consumption (17,18), and sole determinants of plasma vitamin D
levels (albumin-corrected plasma calcium levels and dairy consumption (19)). The results
generated from this model were considered the main results and are presented unless
otherwise stated. In our model, age, kidney function and albumin-corrected plasma calcium
levels were included as linear variables, whereas all other variables were included as
categorical variables with dummy variables.
Since our method of data collection could potentially result in morbidities being under
or over reported, we conducted a sensitivity analysis in which we randomly excluded 2
different disease domains for 3 consecutive times. Finally, as we did not score the presence
of cancer as a separate disease domain, we also ran sensitivity analyses in both model 1 and
2, excluding participants who reported to have cancer (n=77).
All p-values are two-tailed. A p-value <0.05 was considered statistically significant. Analyses
were performed using STATA v11SE (College Station, TX, USA).

Results
From January 2010 until October 2011 we collected and measured plasma vitamin D levels
in 9091 samples. After exclusion of participants with vitamin D assay issues, pregnant
women and non-Caucasian participants, a total of 8726 vitamin D samples from participants
were included in the final analysis (Supplemental Figure 1). Mean age was 45 ± 13 years,
with more females than males (73 vs. 27%). The mean plasma vitamin D level was 59 ± 22
nmol/L, and 17% of the participants had plasma vitamin D levels above 80 nmol/L (Table 1).
Vitamin D levels and season of blood sampling. Plasma vitamin D levels were different among
season of blood sampling (Figure 1). We observed that participants visiting LifeLines
outpatient clinic during the winter were more likely to have lower vitamin D levels than
those visiting during the summer (Spearman’s rho=0.37, n=8726, p<0.000).

Distribution of morbidity score. Table 2 displays the baseline characteristics of all individuals
categorized by morbidity score. Participants with the lowest morbidity score (0) were more
71
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likely to be younger, less heavy, and non-smoking. Furthermore, we found that individuals
who had a higher morbidity score, had an increased likelihood of having higher glucose
levels, increased systolic and diastolic blood pressures, while they reported less physical
activity, were less well educated and had lower vitamin D levels. The median sum of disease
domains, as well as the distribution of participants with a higher morbidity score increased
substantially with age (figure 2A). In the group of participants aged between 20-30 years,
62% of the population scored at least one disease domain while in the group of 50-60 years,
58% of the participants had at least two affected disease domains. Almost all participants
over 70 years had a morbidity score >1 (70-80 years: 82%, >80 years: 89%). As shown in
Figure 2B, the gastrointestinal (23%), central nervous system (17%), respiratory (16%),
cardiovascular (15%) and endocrine (12%) disease domain, were the disease domains that
were most commonly reported as affected.

Figure 2A - Distribution of number of disease domains in different age-categories of subjects from the
LifeLines Cohort Study.

Vitamin D categories and baseline characteristics. Table 1 also shows the baseline
characteristics of the participating individuals according to their vitamin D category.
Participants with lower plasma vitamin D levels were more likely to be male, had a higher
BMI, systolic blood pressure, eGFR and, plasma glucose, but lower plasma calcium and HDLlevels, and reported lower physical activity. In addition to these findings, we noticed some
distinct differences in the baseline characteristics of the vitamin D deficient participants. As
compared to individuals with sufficient vitamin D levels, these participants were younger,
more likely to be current smokers and had a higher educational level. Furthermore, their
72
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reported dairy intake was rather low, and so was their alcohol consumption.

Figure 2B. Distribution of affected disease domains in subjects from the LifeLines Cohort Study.
Contribution per disease domain on total of reported disease domains (%).

Association of vitamin D levels and single disease domains. Analyzing the association between
each standard deviation (SD)-reduction in vitamin D level and single disease domain, we
found a significant inverse relationship between vitamin D levels and prevalence of diseases
within the gastrointestinal, genitourinary and cardiovascular tract (Figure 3A).
In contrast, none of the other domains were significantly inversely related to vitamin D
levels, although a borderline significant p-value of 0.061 was reported in the case of the
renal disease domain. Furthermore, we found that for every 1 SD-decrease of plasma
vitamin D level the morbidity score increased by 13% (p<0.001). In our full model, this
effect was slightly attenuated, but still remained 8% (p=0.001).
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Figure 3A - Full model odds ratio with 95% CI of ordinal logistic regression on vitamin D levels and
morbidity score, as well as odds ratio with 95% CI of logistic regression on vitamin D levels and single
morbidities.

Association of vitamin D levels and vitamin D categories with morbidity score prevalence.
Additionally, we studied the association between vitamin D category and morbidity score.
Figure 3B displays the odds-ratios of the morbidity score and vitamin D category. Vitamin D
deficient individuals, as compared to vitamin D sufficient participants, were at the highest
risk with regards to morbidity prevalence (full model : OR 1.34 [95% CI: 1.07-1.67], p=0.01).
Albeit less pronounced, this association remained in subjects within the hypovitaminosis
D category (full model: OR 1.16 [95% CI: 1.03-1.30], p=0.01) as well as the insufficient
category (full model: OR 1.27 [95% CI: 1.13-1.45], p<0.001), respectively.

74
Proefschrift_final_zonder.indd 74

22-10-15 15:08

Low levels of vitamin D are associated with multimorbidity: results from the LifeLines Cohort Study

Figure 3B - Full model odds ratios with 95% CI of ordinal logistic regression on vitamin D category and
morbidity score

Assessment of robustness of our results: sensitivity analysis. To assess the robustness of our
results we performed sensitivity analyses. In the first part of this analysis, we randomly
excluded 2 different disease domains for 3 consecutive times in both models 1 and 2.
However, this did not substantially change the OR of our ordinal and logistic regression. In
the second part of the sensitivity analysis, we excluded participants who reported to have
cancer (n=77). Again, this did not change the overall findings (results not shown).
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Table 1 - Baseline characteristics of all participants in the LifeLines Cohort Study, as well as per vitamin D
category

Baseline
characteristics

Age (years)

Women (%)

BMI (kg/m2)

All participants

Sufficient
(> 80 nmol/L)

Hypovitaminosis D
(50-80 nmol/L)

Insufficient
(25-50 nmol/L)

Deficient
(<25 nmol/L)

(n=8726)

(n=1466)

(n=4091)

(n=2807)

(n=362)

45 ± 13

46 ±13

46 ±13

45 ±12

43 ±12**

***

***

***

73

79

- normal (%)

46

55

- obese (%)

16

10

- overweight (%)
Smoking

38

35

74***
47
40
13

69***
41
38
21

- no (%)

49

47

50

48

- former (%)

32

34

33

31

- current (%)

19

19

18

21

66***
42
33
25

***
49
29
22

Systolic BP (mmHg)

124 ±15

123 ±15

124 ±15

126 ±16***

125 ±16*

eGFR (ml/min/1.73m2)

94 ±15

90 ±15

94 ±15***

96 ±14***

100 ±15***

Plasma AC calcium levels
(mmol/L)

2.2 ±0.07

2.3 ±0.1

2.3 ±0.1*

2.3 ±0.1***

2.3 ±0.1***

Plasma LDL-levels
(mmol/L)

3.1 ±0.9

3.1 ±0.9

3.1 ±0.9

3.1 ±0.9

3.1 ±0.9

Diastolic BP (mmHg)

Plasma glucose levels
(mmol/L)
Plasma HDL-levels
(mmol/L)
Education level

73 ±9

5.0 ±0.8

1.6 ±0.4

72 ±8

4.9 ±1

73 ±9

5.0 ±1

1.7 ±0.4

1.6 ±0.4***

73 ±9 ***
5.1 ±1***

1.5 ±0.4***

73 ±10

5.2 ±1***

1.4 ±0.4***

*

- low (%)

29

30

31

28

24

- high (%)

31

30

30

32

37

- moderate (%)
Frequent dairy intake (%)
Alcohol consumption

40
90

40
91

39
90

- low (%)

82

79

81

- heavy (%)

1

1

1

- moderate (%)
Physical activity (%)
- none/low (%)
- moderate (%)
- high (%)

Plasma vitamin D levels
(nmol/L)

17

20

7

13

14

48

54

51

35

33

59 ±22

95 ±14

- Winter

45

26

- Summer

11

22

Season of blood
withdrawal
- Spring

18

41

46

35

40

39

91

80***

84

86

1

2

***
15

**

12

***

***

37

34

20
43

33
33

64 ±8***

39 ±7***

20 ±4***

***

***

***

49

32

13

34
13

63
4

84
2
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- Fall

3

7

- 0 (%)

24

28

24

- >1 (%)

44

40

43

Morbidity score
- 1 (%)

32

4

32

1

1

22

22

48

46

**

***

33

30

*

32

All outcomes are compared to those from subjects within the sufficient category (>80 nmol/L). *p<0.05, **p<0.01

and *** p<0.001. Continuous data are presented as mean (SD) and analyzed using one-way ANOVA (post hoc testing
with Bonferroni), or with a Kruskal Wallis (post hoc Mann-Whitney-U) if appropriate. Discrete data are presented
as frequencies (%) and analyzed using Chi2 test. BP= blood pressure; eGFR= estimated glomerular filtration rate;

AC= albumin-corrected; HDL= high density lipoprotein; LDL= low density lipoprotein. BMI is subdivided in normal

(<25 kg/m2), overweight (25-30 kg/m2), obese (>30 kg/m2); smoking is defined as no (no smoking last month, never

smoked for >1 yr), current (smoking last month), former (no smoking last month and stopped > 1 yr); education level

is categorized in low (none, primary education up to intermediate vocational education), moderate (higher secondary
education) and high (higher education and university); frequent dairy consumption is defined as regularly or daily
intake of milk and butter products; alcohol consumption is defined as low (male <2 drinks/day, female <1 drink/

day), moderate (male 2-4 drinks/day, female 1-3 drinks/day) and heavy (male >4 drinks/day, female >3 drinks/day).
Physical activity is categorized as none/low (≤1 day/wk 30 min activity), moderate (2-4 days/wk 30 min activity)
and high (≥5 days/wk 30 min activity).

Table 2 - Baseline characteristics of participating subjects in the LifeLine Cohort Study, according to their
morbidity score
Baseline
characteristics

Age (years)

Women (%)

MS 0

MS 1

MS 2

MS 3

MS 4

MS 5

MS 6

MS 7

(n=2092)

(n=2768)

(n=1977)

(n=1118)

(n=509)

(n=176)

(n=75)

(n=11)

39 ± 11

43 ± 12**

47 ± 12**

52 ± 13**

55 ± 12**

58 ± 11**

56 ± 12**

60 ± 11**

***

***

***

***

***

***

***

38

44

45

45

44

41

46

73

BMI (kg/m2)

- normal (%)

73

- obese (%)

0

-overweight (%)

27

Smoking

- no (%)

58

- former (%)

25

- current (%)

17

Systolic BP (mmHg)

Diastolic BP (mmHg)

118 ± 10

eGFR (ml/min/1.73m )
2

Plasma glucose levels
(mmol/L)

Plasma AC calcium levels
(mmol/L)
Plasma HDL-levels
(mmol/L)

70 ± 8

98 ± 13

72
51
11

36
20

72
26
29

76
16
39

70
9

47

79
3

56

***

***

***

***

***

***

20

20

20

18

24

22

50
30

121 ± 13 ***
72 ± 9 ***

96 ± 14 ***

4.8 ± 0.4

4.9 ± 0.5 ***

1.6 ± 0.4

1.6 ± 0.4 **

2.16 ± 0.1

74

2.17 ± 0.1
***

45
3

127 ± 16 ***
74 ± 9 ***

93 ± 14 ***

5.0 ± 0.7 ***

2.18 ± 0.1 ***
1.5 ± 0.4 ***

41
39

132 ± 17 ***
76 ± 10 ***
89 ± 15 ***

42
40

136 ± 18 ***
77 ± 10 ***
87 ± 16 ***

40
36

137 ± 18 ***
77 ± 10 ***
86 ± 16 ***

5.3 ± 1.1 ***

5.5 ± 1.2 ***

5.9 ± 1.7 ***

1.5 ± 0.4 ***

1.5 ± 0.4 ***

1.4 ± 0.4***

2.19 ± 0.1 ***

2.20 ± 0.1
***

2.22 ± 0.1
***

73
9

46

32

55

46

36

133 ± 17 ***
76 ± 10 ***
84 ± 21 ***

6.3 ± 2.4 ***

2.22 ± 0.1 ***
1.3 ± 0.4 ***

9

126 ± 19 **
72 ± 10 ***
80 ± 20 ***

6.0 ± 1.5 ***

2.21 ± 0.1 **
1.5 ± 0.5

77
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Plasma LDL-levels
(mmol/L)

2.8 ± 0.7

3.1 ± 0.8 ***

3.2 ± 0.9 ***

3.4 ± 1.0 ***

3.5 ± 1.0 ***

3.4 ± 1.2 ***

3.3 ± 1.2 ***

3.2 ± 1.1

- low (%)

19

25

32

42

48

53

48

55

- high (%)

40

16

0

Education level

- moderate (%)
Frequent dairy intake (%)

41

***
40
35

***
41
27

92

90 *

89 ***

- low (%)

83

81

- heavy (%)

1

1

Alcohol consumption
- moderate (%)
Physical activity (%)

16

18

- none/low (%)

14

16

- high (%)

50

47

- moderate (%)

Plasma vitamin D levels
(nmol/L)

36

37

***
36
22

***
35
17

90

88 **

82

82

84

1

2

1

*

17

16

***

***

36

32

19
45

16

***
31
16
91

***
36

**

45

97

91

80

85

82

2

1

0

18
**

13

18

19

18

24

23

18

49

51

45

48

46

31

31

29

36

61 ± 23

60 ± 22

58 ± 22 ***

58 ± 22***

57 ± 22 ***

54 ± 23 ***

57 ± 23

57 ± 24

- Winter

44

44

43

47

44

45

45

46

- Summer

11

11

11

10

13

9

14

18

Season of blood
withdrawal
- Spring
- Fall

42
3

42
3

42
4

40
3

40
3

44
2

36
5

36
0

All outcomes are compared to those from subjects with a morbidity score (MS) of 0. *p<0.05, **p<0.01, ***p<0.001.

Continuous data are presented as mean ± SD and analyzed using one-way ANOVA (post hoc testing with Bonferroni),
or with a Kruskal Wallis (post hoc Mann-Whitney-U) if appropriate. Discrete data are presented as frequencies (%)

and analyzed using Chi2 test. BP= blood pressure; eGFR= estimated glomerular filtration rate; AC= albumin-corrected;
HDL= high density lipoprotein; LDL= low density lipoprotein. BMI is subdivided in normal (<25 kg/m2), overweight
(25-30 kg/m2), obese (>30 kg/m2); smoking is defined as no (no smoking last month, never smoked for >1 yr),

current (smoking last month), former (no smoking last month and stopped > 1 yr); education level is categorized in

low (none, primary education up to intermediate vocational education), moderate (higher secondary education) and

high (higher education and university); frequent dairy consumption is defined as regularly or daily intake of milk and
butter products; alcohol consumption is defined as low (male <2 drinks/day, female <1 drink/day), moderate (male
2-4 drinks/day, female 1-3 drinks/day) and heavy (male >4 drinks/day, female >3 drinks/day). Physical activity is

categorized as none/low (≤1 day/wk 30 min activity), moderate (2-4 days/wk 30 min activity) and high (≥5 days/wk
30 min activity).

Discussion
We demonstrate in this cross-sectional study that, after proper adjustment for season of
blood withdrawal and correction for several other confounders, low vitamin D levels are
associated with an increased prevalence of multimorbidity. We report an incremental
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increase in multimorbidity prevalence according to a decrease in vitamin D levels, the
association being strongest in participants with vitamin D levels <25nmol/L. Furthermore,
we show that the association between low vitamin D and multimorbidity is not restricted to
a specific disease or disease domain. Our findings are in line with the concept that vitamin
D status influences physiological and pathophysiological processes in several organ systems
within the human body (21). For that reason, we suggest that vitamin D has an overall
association with disease. Further, our study underscores how common multimorbidity is.
Multimorbidity in the general population. To the best of our knowledge this is the first
study to show an association between vitamin D levels and prevalence of multimorbidity.
Traditionally, most biomedical research is focused on single, organ-specific morbidities
although multimorbidity is a common feature in almost all individuals suffering from
chronic diseases (21), and as such it should be considered the norm, rather than the
exception. It has been reported that people suffering from multimorbidity have impaired
functional status, low quality of life, and worse health outcomes, as compared to those
without multimorbidity (21,22). Participants who suffer from multimorbidity present
a logistic and financial burden for health-care systems worldwide as they use more
ambulatory and clinical care (23). Nevertheless, specialist medical care still mostly focuses
on the treatment of single morbidities and is organized in single disease or organ-centered
clinics, despite the urge to improve continuity and coordination of care for people with
multiple diseases (4). Treatment is based on single disease guidelines, and little effort has
been investigated in proper treatment of patients with multimorbidity (24). In this study,
we confirm that the number of disease domains, which we denote as morbidities, sharply
increases with age (25).

Recognition of the interplay between multimorbidity and vitamin D biology. Low levels of
vitamin D have been associated with several single diseases from different disease domains
(e.g.: age-related hypertension, multiple sclerosis, periodontal disease, tuberculosis and,
inflammatory bowel disease (26)). Most of the reported diseases (23%) in our study are in
the gastrointestinal tract, although diseases within the central nervous (17%), respiratory
(17%) and cardiovascular (15%) system are also frequently reported. Morbidities within
all of the latter domains have been associated with vitamin D deficiency. For example,
vitamin D has been considered as a major player in pathogenesis of several gastrointestinal
immune conditions (inflammatory bowel disease, Crohn’s disease and ulcerative colitis
(27)), cardiovascular diseases and heart failure (28), while growing evidence suggests
that low vitamin D levels are associated with the onset and severity of multiple sclerosis
(29). Vitamin D deficiency has also been linked to respiratory diseases like asthma and
chronic obstructive pulmonary disease (COPD), although the role of vitamin D deficiency
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in development of COPD remains controversial (30). This suggests that low vitamin D
levels, or in combination with a cluster of diseases, may contribute to the development of
multiple diseases within different disease domains. However, results from observational
and supplementation studies are non-consistent, and the role of vitamin D in disease (cause
or consequence) is still under debate. Nevertheless, we believe that vitamin D deficiency
should, at least, be regarded as marker of health. This is also in line with the findings from
Autier et al., who suggested that that low levels of vitamin D are rather a marker of ill health
than a cause risk factor for certain diseases (31). Based on these findings, we urge that
future studies of vitamin D biology and deficiency should take into account the context of
multiple morbidities. And although the association between vitamin D supplementation and
(beneficial) effects on both skeletal and non-skeletal outcomes is less clear (32)(33) (since
outcomes of large-scale clinical trials on vitamin D supplementation are eagerly awaited
(34), we thus, emphasize the need for evaluating a wide array of outcome measures.

This study has several strengths: (i) the use of a large cohort of a relatively homogeneous
community based population, which allows extrapolation to similar populations, (ii) the
use of standardized definitions of specific morbidities when possible (ICD-10); and (iii) the
inclusion of 45 single morbidities, clustered into 12 disease domains, which represent organ
systems from the entire human body. In addition, with regard to the definitions of morbidity
and disease domains, we have explicitly reported the backbone our approach (appendix I),
which promotes the reproducibility of this analysis.
Our study shares the limitations of other studies in the field of multimorbidity, as it partly
relies on the data from the self-reported questionnaires. Although clinical examination was
included, some of the diseases were self-reported and this may have caused under or over
reporting of these morbidities. However, in the current framework of the LifeLines Cohort
Study we considered this approach most feasible, although we acknowledge limitations
inherent to this approach. Another restraint of this study may be the simplified composite
endpoint of morbidity score. Although we recognize that the effect of multimorbidity on
individuals will vary with the combination and severity of morbidities, we chose to weight
all morbidities equally, which resulted in a simplified count to define disease domains.
This approach is different from other scores, like the Charlons-comorbidity score (36), that
also takes into account the severity of the comorbidity. Of note, we are not the first ones
to use such an unweighted score: Boeckxstaens and colleagues recently reported about
a comparison of different multimorbidity measures (weighted versus unweighted), and
found that there was no clear advantage in using a weighted score over an unweighted
score (36). Furthermore, this strategy enabled us to include morbidities that have a low
prevalence. Nevertheless, we believe this strategy to be the most feasible and reproducible
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way to study multimorbidity since it takes into account the effects of multiple morbidities
within disease domains rather than being restricted to single morbidities only. This study
is a cross-sectional study: therefore these analyses do not provide information about
possible causality of vitamin D deficiency and morbidity prevalence. Another limitation of
this study is its observational nature: despite the fact that we adjusted for several potential
confounders, we cannot exclude a possible effect of any unmeasured factors on the observed
association. In addition, residual confounding by variables that are measured by a higher
degree of detail (such as education) is possible, although we do not consider them a likely
explanation for the clear association between vitamin D levels and morbidity presence.
In this study we found that morbidity increases with age, and that multimorbidity is
common. Furthermore, we showed that low levels of vitamin D are associated with an
increased prevalence of morbidity, an association that is the strongest in participants with
vitamin D levels below 25 nmol/L. However, this association is not disease, nor disease
domain specific. In light of this, our results favor a general, rather than an organ-specific
approach when assessing the impact of vitamin D deficiency.
Conflict of interest. All authors have completed and submitted the ICMJE Form for Disclosure
of Potential Conflicts of Interest.; IPK has a patent related to vitamin D measurement (PCT/
NL2012/050849) pending; all other authors declare that they have no conflict of interest.
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Supplemental data and figures
Appendix I.

Data collection in the LifeLines Cohort Study

Data collection. We obtained information from self-administered questionnaires (http://molgenis19.
target.rug.nl/menu/main/protocolviewer) on smoking, alcohol consumption, education level, dairy
consumption and physical activity.

a.
Self-reported questionnaires
Participants were defined as current smokers if they reported any smoking in the previous month
(yes/no). Former smokers were those who reported no smoking in the previous month, but reported
that they had smoked for longer than a year before they had stopped smoking. Participants were
defined as non-smokers if they reported no smoking in the previous month and never smoked for
longer than a year.

Education was categorized into low (none, primary education up to those completing intermediate
vocational education), moderate (higher secondary education) and high (higher vocational education
and university).

We defined alcohol consumption as a function of drinks per day (light, moderate, and heavy). Male
participants were categorized as light drinkers if they reported a daily alcohol consumption of <2
drinks, moderate drinkers if they reported 2-4 alcoholic consumptions per day and heavy drinkers
if the daily intake exceeded 4 consumptions per day. Similarly, female participants were considered
light drinkers if they reported <1 alcoholic drink a day, moderate drinkers if they reported to drink 1-3
alcoholic consumptions a day and heavy drinkers if they reported an intake of >3 consumptions per
day.
Participants were asked to report their milk and butter consumption during the previous month.
Participants with low dairy consumption were those who reported no or rare dairy consumption
during the last month. Participants who reported frequent or daily milk and butter intake during the
previous month were considered to have a normal dairy consumption.

Physical activity of participants was classified as none/low, moderate or high. Participants were
considered to have none/low physical activity if they reported being active during 30 minutes a day
up to 1 day per week, moderate physical activity if they reported a daily activity of 30 minutes for 2-4
days a week, and high physical activity if they reported being active for 30 minutes a day, at least 5
days a week.

b.
Clinical examination
Following a standardized protocol, trained technicians measured each individual’s height and weight,
as well as systolic and diastolic blood pressure. Body weight was measured without shoes with 0.1 kg
precision. Height was measured to the nearest 0.5 cm. We calculated Body Mass Index (BMI) as weight
(kg) divided by height squared (m2). Participants were defined based on three categories of weight by
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World Health Organization BMI categories: normal (BMI<25.0 kg/m2), overweight (BMI ≥ 25.0 and <
30.0 kg/m2) or obese (BMI ≥ 30.0 kg/m2). Systolic and diastolic blood pressures were measured every
minute for a period of 10 minutes using an automated Dinamap Monitor (GE Healthcare, Freiburg,
Germany). The size of the cuff was chosen according to the arm circumference. The average of the
last three readings was recorded for each blood pressure parameter. The clinical examination was
completed with prebronchodilator spirometry (FEV1, FEV1/FVC) performed in a standardized setting
following ATS guidelines using Welch Allyn V.1.6.0.489, PC-based SpiroPerfect with CardioPerfect
Workstation software and electrocardiography (ECG) (Welch Allyn V.1.6.0.489, MEANS algorithm).

c.
Blood and urine analyses
Blood sampling took place in the morning, after an overnight fast. Blood was collected in tubes
containing heparin, EDTA or citrate, immediately followed by centrifugation. Next, blood was
transported to the LifeLines central laboratory facility at room temperature or at 4°C, depending
on the sample requirements. Hematology and chemistry analyses were performed at the clinical
chemistry laboratory of the University Medical Center Groningen, unless reported differently. On
the day of collection, serum levels of HDL and total cholesterol were measured using an enzymatic
colorimetric method, triglycerides using a colorimetric UV method, and LDL using an enzymatic
method, all on a Roche Modular P chemistry analyzer (Roche, Basel, Switzerland). Blood glucose
was measured using a hexokinase method. Thyroid-stimulating hormone, thyroxine (T4) and
triiodothyronine (T3) were measured using a Roche Modular A chemistry analyzer (Roche, Basel,
Switzerland). Hemoglobin, as well as leukocyte and thrombocyte count was measured using a Sysmex
XE 2100 analyzer (Sysmex, Kobe, Japan). Serum calcium, serum albumin, urine albumin and urine
creatinine were measured using a Roche Modular P chemistry analyzer (Roche, Basel, Switzerland).
Serum creatinine was measured using an enzymatic method on a Roche Modular P analyzer. Estimated
glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology
Collaboration equation (37).
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Appendix II. An overview of diseases and disease domains in the

Lifelines Cohort Study: a multidisciplinary, uniform approach to define
multiple disease domains.
GENITOURINARY DISEASE
Chronic bladder infection (XIV-N39)
Self-reported chronic bladder infection and use of anti microbial drugs
Male
o

Benign prostatic hypertrophy (BPH) (XIV-N40)
Use of BPH-related drugs

Female
Double ovary extirpation (XXI-Z90.7)
o
Self-reported surgical extirpation of 2 ovaries and use of female hormones
Anti microbial drugs= ATC-code G01, J01
BPH-related drugs= ATC-code G04C
Female hormones= ATC-code G03C

Morbidity within the urogenital disease domain is present if one of the following diseases
occur:
Chronic bladder infection
BPH
Double ovary extirpation
HEMATOLOGIC DISEASE
Anemia (III-D50 until D64)
Self-reported anemia and use of iron supplementation or
Hb <6.0 if female or
Hb<6.5 if male

Thrombo-embolic disease
Self-reported thrombosis (IX-I82) and use of anti-thrombotic drugs
Self-reported lung emboli (IX-I26) and use of anti-thrombotic drugs
Self-reported bleeding disorder (III-D68.9) and use of anti-thrombotic drugs
Self-reported bleeding disorder (III-D68.9) and use of anti-hemorrhagic drugs
Optional
Thrombocytopenia (III-D69.3/D69.4/D69.4/D69.5/D69.6)
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-

o
o

Thromobocyte count <60*10E9/L
Thromobocytosis (III-D47.3)
Thrombocyte count >750*10E9/L

Iron supplementation= ATC-code B03
Anti-thrombotic drugs= ATC-code B01AA, B01AB
Anti-hemorrhagic drugs= ATC-code B02
Morbidity within the blood related disease domain is present if one of the following diseases
occur:
Anemia
Thrombo-embolic disease
optional, inclusion of:

-

Thrombocytopenia
Thrombocytosis

DERMATOLOGIC DISEASE
Acne (XII-L70.9)
Self-reported severe acne and use of acne suppressor

Eczema (XII-L30.9)
Self-reported eczema and use of emollients and/or dermatological corticosteroids
Psoriasis (XII-L40.9)
Self-reported psoriasis and use of psoriasis suppressor
Acne suppressor= ATC-code D10
Emollients= ATC-code D02
Psoriasis suppressor= ATC-code D05

Morbidity within the dermatologic disease domain is present if one of the following diseases
occur:
Acne
Eczema
Psoriasis
RENAL DISEASE
Impaired renal function (XIV-N19) is present, if
eGFR ≥ 60 ml/min/1.73m2 with albuminuria (24h albumin >30)
eGFR <60 ml/min/1.73m2
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Morbidity within the renal disease domain is present, if one of the following disease symptoms
occurs:
Impaired renal function
MUSCULOSKELETAL DISEASE
Arthrosis (XIII-M19.9)
Self-reported arthrosis and use of analgesics (paracetamol, NSAIDs, opiods)
Self-reported symptoms of pain in hands & feet and use of analgesics
(NSAIDs, opiods)
Self-reported symptoms of joint stiffness and use of analgesics (paracetamol,
NSAIDs, opiods)
Gout (XIII-M10)
Use of anti-gout medication

Osteoporosis (XIII-M81)
Self-reported osteoporosis and use of calci chew D3 and bisphosponates

Rheumatoid Arthritis (XIII-M06.9)
Self-reported rheumatoid arthritis and use of NSAIDS/DMARDS/ TNF-alpha
inhibitors/ IL inhibitors
Self-reported rheumatoid arthritis and use of B- and T-cell inhibitors and/or
methothrexate
2 or more self-reported symptoms of pain in hands & feet or joint stiffness and use
of NSAIDS/DMARDS/ TNF-alpha inhibitor/ IL inhibitors
2 or more self-reported symptoms of pain in hands & feet or joint stiffness and use
of B- and T-cell inhibitors and/or methothrexate
Opiods= ATC-code N02A
Paracetamol= ATC-code N02BE01
NSAIDs= M01AE, M01AB
DMARDS = ATC- code M01

Biologicals: TNF-alpha inhibitor, IL inhibitors, B- and T-cell inhibitors:
TNF-alpha inhibitor= ATC-code L04AB
IL inhibitors= ATC-code L04AC
B- and T-cell inhibitors= ATC-code LO4AA24, L01XC02
Methotrexate= ATC-code L01BA01
Anti-gout medication: ATC-code M04
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Morbidity within the musculoskeletal disease domain is present if one of the following diseases
occur:
Rheumatoid arthritis
Arthrosis
Osteoporosis
Gout
OPHTALMOLOGIC AND EAR, NOSE AND, THROAT RELATED DISEASE
Ophthalmic disease
Cataract (VII-H25/H26) or
Severe visual impairment (VII-H54.1)

ENT disease
Chronic sinusitis of throat and/or nose (X-J32) and use of local or systemic
decongestive drugs
Severe hearing impairment (VIII-H90)
Decongestive drugs= ATC-code R01

Morbidity within the ophthalmologic and ENT-related disease domain is present if one of the
following diseases occur:
Ophthalmic disease
ENT disease
PSYCHIATRIC DISEASE
NB: The presence of (symptoms of) psychiatric diseases is based on outcomes from the MINI interview.
Depressive disorder (V-F32.0-33.0) and dysthymic disorder
Current depressive disorder or
Dysthemic disorder and use of antidepressants
Anxiety disorder (V-F40-F41)
Any anxiety disorder

Antidepressants= ATC-code N06A
Symptoms of morbidity within the psychiatric disease domain are present if one of the
following diseases occur:
Current depressive disorder
Current anxiety disorder
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ENDOCRINOLOGIC DISEASE
Diabetes (IV-E10/E11/E12/E14)
Self-reported diabetes or
Use of oral anti-diabetics and/or insulin or
Fasting glucose levels >6.99 or
Non-fasting glucose level >11.0

NB: we defined different types of diabetes and excluded diabetes related to pregnancy, but not to any
(other) medical cause.
Thyroid disease (IV-E03/E05)
Use of thyroid hormones or
TSH>4 & FT4<11.0 (hypothyroidism) or
TSH>10 or
TSH <0.5 & FT4>19.5 (hyperthyroidism)

Hypercholesterolemia (IV-E78.0)
Self-reported myocardial infarction and cholesterol ≥5.0 or
Use of lipid lowering medication or
Cholesterol ≥6.5 mmol/L
Oral anti-diabetics= ATC-code A10B
Insulin= ATC-code A10A
Thyroid hormones= ATC-code H03
Lipid lowering drugs= ATC-code C10A, C10B

Morbidity within the endocrinologic disease domain is present if one of the following diseases
occur:
Diabetes
Thyroid disease
Hypercholesterolemia
CARDIOVASCULAR DISEASE
Hypertension (IX-I10) is present, if
BP> 140/90mmHG or
Use of anti-hypertensive medication

Heart failure (IX-I50) is present, if
Self-reported disease, and
Use of (any) HF-related medication (diuretics, ACE-I, aldosteronantagonist,
beta blocker, angiotensin receptor blocker)
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Vascular disease (IX-I21, IX-I25.2, IX-I64) is present, if
Self-reported MI, stroke, PCI & CABG, and
Use of vitamin K antagonists or ascal/acetylsalicylic acid or clopidogrel
Control: and use of (simva-)statin (however, 10% of this patient group does NOT
use (simva-)statin)
Atrial fibrillation (IX-I48) is present, if
Self-reported, ‘diagnosed by MD’ and use of vitamin K antagonists, or
AF on ECG and use of vitamin K antagonists, or
CHADVASC<2 and AF on ECG
Pacemaker (XXI-Z95.0)
Self-reported

Heart transplant (XXI-Z94.1)
Self-reported

Anti-hypertensive medication= ATC-code C02, C03, C04, C07, C08, C09
Diuretics= ATC-code C03A, C03B, C03C, C03E, C03X
Aldosteronantagonist= ATC-code C03D
Beta blocker= ATC-code C07
Calcium antagonist= ATC-code C08
ACE-inhibitors and ANG II antagonists = ATC-code C09
Vitamin K antagonists = ATC-code B01AA
Ascal = ATC-code B01AC06
Acetylsalicylic acid= ATC-code B01AC08
Clopidogrel= ATC-code B01AC04
Statin= ATC-code C10AA
Simvastatin= ATC-code C10AA01
Cardiovascular disease is present, if one of the following diseases or disease symptoms occur:
Heart failure
Atrial fibrillation
Pacemaker
Hypertension
Vascular disease
Heart transplant
PULMONARY DISEASE
Asthma (X-J45)
doctors diagnosed asthma, or
2 or more self-reported symptoms of: wheeze, attacks at rest, woken by an attack
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-

and use of asthma/COPD medication, or
self-reported asthma and use of asthma/COPD medication

COPD (X-J44)
NB: for diagnosis of we only included individuals with an age>40 years
If spirometry data is available, COPD is present if:
o
GOLD classification: I-IV or
if spirometry data is not available, COPD is present if:
o
self-reported COPD & use of asthma/COPD medication & age>40

Chronic mucus hypersecretion (X-J42)
phlegm production during day or night, or immediately after waking up during at
least 3 months/year

Chronic bronchitis (X-J40)
coughing/ phlegm production during the day or night, or immediately after waking
up during at least 3 months/year

Asthma/COPD medication = ATC-code R03AC, R03CC, R03AK, R03BA, R03BB, R03BC01, R03BC03,
R03DA04, R03DC
Morbidity within the respiratory disease domain is present if one of the following diseases or
disease symptoms occur:
Asthma
COPD
Chronic mucus hypersecretion
Chronic bronchitis
CENTRAL NERVOUS SYSTEM DISEASE
Dementia (V-F00/F01/F02/F03)
Self-reported dementia or
MMSE-score<24 if education level low/medium or
MMSE-score<25 if education level high
Migraine (VI-G43)
Self-reported migraine

Epilepsy (VI-G40)
Self-reported epilepsy and use of anti-epileptics
Back or neck hernia (XIII-51.2)
Self-reported back or neck hernia
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Parkinson’s disease (VI-G20)
Self-reported Parkinson’s disease and use of anti-Parkinson’s drugs
Multiple Sclerosis (VI-G35)
Self-reported multiple sclerosis

Anti-epileptics = ATC-code N03
Anti-parkinson’s drugs= ATC-code N04BC02, ATC-code N04BB01, ATC-code N04BC07, ATC-code
N04BX02, ATC-code N04BA02, ATC-code N04BC05, ATC-code N04BD02, ATC-code N04BC04, ATCcode N04BC09, ATC-code N04BD01, ATC-code N04BX01
Morbidity within the central nerve system disease domain is present if one of the following
diseases occur:
Dementia
Migraine
Epilepsy
Back or neck hernia
Parkinson’s disease
Multiple sclerosis
GASTRO INTESTINAL DISEASE
History of liver disease
Non-alcoholic fatty liver disease (NAFLD) (XI-K75.8):
o
HSI>36 & no alcohol consumption
Alcoholic fatty liver disease (AFLD) (XI-K70.0):
o
HSI>36 & alcohol consumption

NB: HSI= 8 * (ALT/AST) + BMI (+2 if female) (+2 if diabetes mellitus)

History of bowel disease
Ulcerative Colitis (XI-K51):
o
Self-reported,
Morbus Crohn (XI-K50):
o
Self-reported
Celiac Disease (XI-K90):
o
Self-reported celiac disease and
o
Gluten free diet
Optional, Irritable Bowel Syndrome (XI-K58):
o
Self-reported
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History of gastric disease
Ulcus Pepticum (XI-K25):
o
Self-reported and
o
Use of H2-antagonists, prostaglandins, protonpumpinhibitors (PPI)
Symptoms of gastric disease (XVIII-R10/R11/R12/R13):
o
Self-reported complaints: heart burn, stomach pain, nausea, vomiting,
		
reflux and
o
use of H2-antagonists, prostaglandins, PPI
H2-antagonists, prostaglandins, PPI = ATC code A02B

Morbidity within the gastrointestinal disease domain is present if one of the following diseases
symptoms occurs:
NAFLD or AFLD
Ulcerative Colitis
Morbus Crohn
Celiac disease
Ulcus pepticum
Symptoms of gastric disease

Supplemental Figure 1 - Flow-chart on inclusion and selection of the study population.
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