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Background: This study aims to investigate the association between vitamin D levels and the risk of severe acute exacerbations of
chronic obstructive pulmonary disease (AECOPD).

Methods: We conducted a prospective observational study with 636 COPD patients admitted for exacerbations between January 2021
and December 2022. Patients were categorized based on serum 25-hydroxyvitamin D levels: severe deficiency (<10 ng/mL),
deficiency (10-20 ng/mL), insufficiency (20-30 ng/mL), or sufficiency (>30 ng/mL). Severe exacerbation was defined when the
patient visits an emergency room or is hospitalized due to COPD exacerbation. Multivariate Cox regression was used to evaluate the
risk associated with vitamin D deficiency.

Results: Over an 18-month follow-up, 178 (28.0%) patients experienced at least one severe exacerbation. The severe deficiency group
had the highest exacerbation rate (40.6%), followed by deficiency (27.8%), insufficiency (22.5%), and sufficiency (18.1%) groups
(P<0.01). Multivariate Cox regression analysis showed that severe vitamin D deficiency was significantly associated with an increased
risk of severe exacerbations (HR=2.74, 95% CI: 1.55-4.84; P<0.01) compared to vitamin D sufficiency.

Conclusion: Severe vitamin D deficiency is a significant predictor of severe COPD exacerbations, highlighting the importance of
routine vitamin D assessment and supplementation in COPD management.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a long-term respiratory condition marked by enduring airflow
obstruction and a heightened inflammatory response in the airways and lungs, typically due to exposure to harmful
particles or gases.' It significantly contributes to global morbidity and mortality, with acute exacerbations being a major
factor in the disease’s burden.** Acute exacerbations of COPD (AECOPD) are episodes of sudden symptom worsening
that require additional treatment and are linked to a swift decline in lung function, decreased quality of life, and increased
mortality.”® Thus, identifying modifiable risk factors for severe exacerbations is crucial for improving patient outcomes
and reducing healthcare costs.

Vitamin D, a fat-soluble vitamin primarily known for its role in calcium and phosphate metabolism, has garnered
increasing attention for its immunomodulatory and anti-inflammatory properties.” Evidence suggests that vitamin D exerts
its effects on immune cells by regulating the production of antimicrobial peptides such as cathelicidin, modulating inflam-
matory cytokines, and promoting innate immune responses.® These mechanisms are critical in respiratory diseases where
immune dysregulation and infection are key contributors to exacerbations.’ Additionally, vitamin D deficiency has been linked
to impaired lung function and increased susceptibility to respiratory infections, both of which are major triggers of
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AECOPD.'° The prevalence of vitamin D deficiency is notably high among COPD patients, with reports indicating rates as
high as 60%-90% depending on the population studied."!

Despite growing evidence on the link between vitamin D and COPD, the specific role of severe vitamin D deficiency
(<10 ng/mL) in predicting severe AECOPD remains underexplored. Previous studies have shown inconsistent results,
likely due to variability in cut-off values and study populations. Therefore, this study aims to clarify the association
between severe vitamin D deficiency and the risk of severe exacerbations in COPD patients. We hypothesize that severe
vitamin D deficiency is a significant predictor of severe AECOPD and that routine monitoring and intervention could
mitigate exacerbation risks.

Materials and Methods

Patients

This prospective, observational study involved patients admitted to our hospital for COPD exacerbations from
January 2021 to December 2022. Inclusion criteria were patients aged 40 years and above with a confirmed COPD
diagnosis per the 2020 Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines,'* with a post-
bronchodilator FEV|/FVC ratio below 0.7. Exclusion criteria included bronchial asthma, other chronic respiratory
conditions, systemic illnesses requiring long-term corticosteroid use, malignancies, and pregnancy or peripartum status.
To ensure the validity of the findings, patients who were taking medications that could influence serum vitamin
D concentrations, such as corticosteroids, calcium, phosphorus, or vitamin D supplements, were excluded from the study.

Data Collection and Outcomes
Eligible patients were categorized into four groups based on their serum 25-hydroxyvitamin D (25-OHD) levels at admission:
severe deficiency (<10 ng/mL), deficiency (10-20 ng/mL), insufficiency (20-30 ng/mL) or sufficiency (>30 ng/mL)."*°

Baseline demographic and clinical information including age, gender, body mass index (BMI), smoking habit, disease
duration of COPD, the number of severe COPD exacerbations in the past 1 year, pulmonary function test, GOLD stage,
GOLD group, COPD assessment test (CAT) score, blood eosinophil counts, inhalation therapies used, and comorbidities
were documented. All subjects were followed up for 18 months.

The primary endpoint was severe exacerbation occurrence, assessed monthly via telephone interviews or medical
record reviews. Patients lost to follow-up were censored at their last contact. According to the Rome classification,'®
AECOPD severity as mild when only symptoms are reported and the patient is treated with inhaled short-acting
bronchodilators; moderate when the patient receives antibiotics, systemic corticosteroids, or both; and severe when the
patient visits an emergency room or is hospitalized because of the event. In this study, severe exacerbations were selected
as the primary endpoint due to their clear and consistent definition and significant clinical impact. Mild and moderate
exacerbations, while valuable for a broader understanding of disease progression, were not included due to challenges in
ensuring accurate and reliable data collection.

Statistical Analysis

To evaluate the association between baseline vitamin D levels and severe AECOPD, we primarily used Cox proportional
hazards regression, as this method accounts for both the occurrence and the timing of events during the follow-up period.
The proportional hazards assumption was tested and confirmed. For sensitivity analysis, we also performed logistic
regression to assess the relationship between vitamin D levels and the occurrence of severe AECOPD as a binary
outcome. Logistic regression analysis treated the occurrence of severe AECOPD as a single endpoint during the follow-
up period, irrespective of the timing of events. Statistical significance was set at P<0.05 for all tests.

Statistical analyses were conducted using SPSS version 22.0 (IBM Corp., Armonk, NY).

Results
This study included 636 patients: 160 (25.2%) with severe vitamin D deficiency, 198 (31.1%) with deficiency, 173
(27.2%) with insufficiency, and 105 (16.5%) with sufficient levels. Table 1 provides the demographic and clinical
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Table | Patients’ Baseline Demographic and Clinical Profiles

Vitamin D category P value
Severe deficiency Deficiency (10-20 Insufficiency Sufficiency (>30
(<10 ng/mL) ng/mL) (20-30 ng/mL) ng/mL)
N 160 (25.2%) 198 (31.1%) 173 (27.2%) 105 (16.5%)
Age, years 69.4+3.0 69.1£3.1 68.8+3.4 68.9+2.8 0.29
Gender, n (%)
Male 129 (80.6%) 151 (76.3%) 133 (76.9%) 75 (71.4%) 0.39
Female 31 (19.4%) 47 (23.7%) 40 (23.1%) 30 (28.6%)
BMI, kg/m? 24.3+1.4 24.6x1.3 24412 24.3x1.2 0.15
Smoking status, n (%)
Never-smoker 41 (25.6%) 57 (28.8%) 59 (34.1%) 29 (27.6%) 0.24
Ex-smoker 82 (51.2%) 96 (48.5%) 83 (48.0%) 44 (41.9%)
Smoker 37 (23.1%) 45 (22.7%) 31 (17.9%) 32 (30.5%)
Disease duration of COPD, n (%)
<3 years 44 (27.5%) 45 (22.7%) 46 (26.6%) 36 (34.3%) 0.16
3-5 years 77 (48.1%) 107 (54.0%) 81 (46.8%) 54 (51.4%)
>5 years 39 (24.4%) 46 (23.2%) 46 (26.6%) 15 (14.3%)
Frequency of hospitalization due to AECOPD in the
past 12 months, n (%)
<2 105 (65.6%) 144 (72.7%) 131 (75.7%) 93 (88.6%) <0.01
22 55 (34.4%) 54 (27.3%) 42 (24.3%) 12 (11.4%)
Pulmonary function test
FEV|/FVC, % 522 +5.6 529 £ 6.0 520+54 53.1 £ 63 0.29
FEV, pred, % 62.6 £9.2 622 +94 624 +93 63.0 £ 9.6 0.90
GOLD stage, n (%)
Stage | 9 (5.6%) 8 (4.0%) 9 (5.2%) 6 (5.7%) 0.74
Stage 2 38 (23.8%) 61 (30.8%) 52 (30.1%) 35 (33.3%)
Stage 3 77 (48.1%) 89 (44.9%) 70 (40.5%) 46 (43.8%)
Stage 4 36 (22.5%) 40 (20.2%) 42 (24.3%) 18 (17.1%)
GOLD group, n (%)
A 14 (8.8%) 19 (9.6%) 14 (8.1%) Il (10.5%)
B 69 (43.1%) 93 (47.0%) 98 (56.6%) 73 (69.5%) <0.01
E 77 (48.1%) 86 (43.4%) 61 (35.2%) 21 (20.0%)
CAT score, n (%)
0-10 16 (10.0%) 21 (10.6%) 15 (9.1%) 15 (9.6%) 0.58
11-20 81 (50.6%) 91 (46.0%) 75 (43.4%) 46 (43.8%)
21-30 50 (31.3%) 73 (36.9%) 62 (35.8%) 43 (41.0%)
31-40 13 (8.1%) 13 (6.6%) 21 (12.1%) 9 (8.6%)
Blood eosinophil counts
<100 41 (25.6%) 43 (21.7%) 40 (23.1%) 25 (23.8%)
100-300 84 (52.5%) 102 (51.5%) 94 (54.3%) 56 (53.3%) 0.93
2300 35 (21.9%) 53 (26.8%) 39 (22.5%) 24 (22.9%)
Inhalation therapies used
ICS 11 (6.3%) I (5.6%) 9 (5.2%) 5 (4.8%)
LAMA 8 (5.0%) 9 (4.5%) 10 (5.8%) 7 (6.7%)
LABA/LAMA 16 (10.0%) 23 (11.6%) 20 (11.6%) 12 (11.4%) 0.32
ICS/LABA 67 (41.9%) 72 (36.4%) 73 (42.2%) 40 (38.1%)
ICS/LABA+LAMA or ICS/LABA/LAMA 55 (34.4%) 71 (35.9%) 6l (35.3%) 34 (32.4%)
Comorbidity, n (%)
Diabetes 63 (39.4%) 56 (28.3%) 33 (19.1%) 18 (17.1%) <0.01
Hypertension 60 (37.5%) 60 (30.3%) 43 (24.9%) 21 (20.0%) <0.01
Cardiovascular diseases 87 (54.4%) 83 (41.9%) 77 (44.5%) 31 (29.5%) <0.01

Notes: BMI, body mass index; COPD, chronic obstructive pulmonary disease; AECOPD, Acute Exacerbation of COPD; GOLD, Global Initiative for Chronic Obstructive
Lung Disease; CAT, COPD assessment test; EV|, forced expiratory volume in |s; FVC, forced vital capacity; LABA, long-acting beta- agonists; LAMA, long-acting
antimuscarinic antagonists; ICS, inhaled corticosteroids.
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Figure | Kaplan-Meier survival curves for the time to the next severe exacerbation of chronic obstructive pulmonary disease in patients with different vitamin D levels.
Severe deficiency: Vitamin D<I0 ng/mL, deficiency: 10-20 ng/m, insufficiency: 20-30 ng/mL, sufficiency: >30 ng/mL.

characteristics. Patients with severe deficiency had significantly higher rates of >2 AECOPD hospitalizations, GOLD
E classification, diabetes, hypertension, and cardiovascular diseases compared to those with sufficient vitamin D (all
P<0.01). Other baseline characteristics did not differ significantly among the groups (all P>0.05).

Over an 18-month follow-up, 178 (28.0%) patients experienced at least one severe exacerbation. The highest
proportion was in the severe deficiency group (40.6%), followed by deficiency (27.8%), insufficiency (22.5%), and
sufficiency (18.1%) groups (P<0.01). The Kaplan-Meier survival curve (Figure 1) showed a significantly higher risk of
the next severe COPD exacerbation in the severe deficiency group compared to the deficiency group (HR=2.77, 95% CI:
1.66-4.62; P<0.01).

Multivariate Cox proportional hazards regression analysis (Table 2) revealed that, after adjusting for confounders,
severe vitamin D deficiency (HR=2.74, 95% CI: 1.55-4.84; P<0.01) was significantly associated with a higher risk of

Table 2 Multivariate Cox Regression Analysis Exploring the Association of Vitamin D
Levels With the Risk of the Next Severe Exacerbation of Chronic Obstructive
Pulmonary Disease

Multivariate Analysis

Hazard ratio 95% CI P value

Vitamin D groups

Sufficiency Reference

Insufficiency 1.07 0.60-1.92 0.82

Deficiency 1.44 0.84-2.48 0.19

Severe Deficiency 2.74 1.55-4.84 <0.01
Age 1.00 0.95-1.06 0.89
Gender

Male Reference

Female 0.80 0.56-1.16 0.24
BMI 1.04 0.92-1.17 0.57
Smoking status

Never-smoker Reference

Ex-smoker 1.09 0.76-1.57 0.63

Smoker 1.25 0.81-1.94 0.32

(Continued)
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Table 2 (Continued).

Multivariate Analysis

Hazard ratio 95% CI P value

Disease duration of COPD, years

<3 Reference
3-5 0.75 0.52-1.07 0.11
>5 1.03 0.67-1.59 0.90

Frequency of hospitalization due to AECOPD
in the past 12 months

<2 Reference

2 2.85 2.04-3.98 <0.01
Pulmonary Function Test

FEV,/FVC 0.99 0.96-1.03 0.72

FEV, pred 1.01 0.98-1.03 0.58
GOLD stage

Stage | Reference

Stage 2 1.64 0.64-4.19 0.30

Stage 3 1.80 0.72-4.51 0.21

Stage 4 1.74 0.67-4.50 0.25
GOLD group, n (%)

A Reference

B 2.08 0.80-5.411 0.13

E 7.51 2.99-18.9 <0.01
CAT score

0-10 Reference

11-20 1.39 0.77-2.53 0.28

21-30 0.97 0.52-1.81 0.93

3140 1.41 0.67-2.94 0.37
Blood eosinophil counts

<100 Reference

100-300 0.71 0.46—1.09 0.11

2300 2.28 1.50-3.46 <0.01
Inhalation therapies used

ICS Reference

LAMA I.10 0.42-2.87 0.85

LABA/LAMA |.46 0.65-3.27 0.36

ICS/LABA 1.74 0.88-3.45 0.11

ICS/LABA+LAMA or ICS/LABA/LAMA 1.69 0.84-3.39 0.14
Comorbidity

Diabetes 0.77 0.54-1.11 0.16

Hypertension 1.26 091-1.74 0.16

Cardiovascular diseases 1.21 0.89-1.65 0.23

Abbreviations: BMI, body mass index; COPD, chronic obstructive pulmonary disease; AECOPD, Acute
Exacerbation of COPD; GOLD, Global Initiative for Chronic Obstructive Lung Disease; CAT, COPD
assessment test; EV|, forced expiratory volume in Is; FVC, forced vital capacity; LABA, long-acting beta-
agonists; LAMA, long-acting antimuscarinic antagonists; ICS, inhaled corticosteroids. In the multivariate
analysis, potential confounders were controlled including age, gender, BMI, smoking habit, disease duration
of COPD, the number of severe COPD exacerbations in the past | year, pulmonary function test, GOLD
stage, GOLD group, the number of severe COPD exacerbations in the past | year, CAT score, blood
eosinophil counts, inhalation therapies used, and comorbidities.

severe exacerbation compared to sufficiency. Additionally, >2 AECOPD hospitalizations in the past 12 months
(HR=2.85, 95% CI: 2.04-3.98; P<0.01), GOLD E group (HR=7.51, 95% CI: 2.99-18.9; P<0.01), blood eosinophil
counts >300 (HR=2.28, 95% CI: 1.50-3.46; P<0.01) were also risk factors.
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Consistently, logistic regression analysis (Table 3) revealed a similar association, with severe vitamin D deficiency
significantly associated with the occurrence of severe AECOPD as a binary outcome (OR=3.40, 95% CI: 1.57-7.35;
P<0.01). These complementary results reinforce the robustness of our findings.

Table 3 Multivariate Logistic Regression Analysis Exploring the Association of
Vitamin D Levels With the Risk of the Next Severe Exacerbation of Chronic
Obstructive Pulmonary Disease

Multivariate Analysis

Odds ratio | 95% CI P value

Vitamin D groups

Sufficiency Reference

Insufficiency I.16 0.54-2.51 0.70

Deficiency 1.53 0.73-3.19 0.26

Severe Deficiency 3.40 1.57-7.35 <0.01
Age 1.00 0.92—-1.08 0.92
Gender

Male Reference

Female 0.88 0.53-1.48 0.63
BMI 1.06 0.89-1.25 0.51
Smoking status

Never-smoker Reference

Ex-smoker 1.12 0.67-1.89 0.67

Smoker 1.24 0.66-2.33 0.50
Disease duration of COPD, years

<3 Reference

3-5 0.84 0.50-1.41 0.51

>5 1.15 0.62-2.11 0.67

Frequency of hospitalization due to AECOPD
in the past 12 months

<2 Reference

2 4.46 2.78-7.17 | <0.01
Pulmonary Function Test

FEV,/FVC 0.99 0.96-1.03 0.72

FEV, pred 1.01 0.98-1.03 0.58
GOLD stage

Stage | Reference

Stage 2 1.77 0.57-5.50 0.33

Stage 3 217 0.72-6.55 0.17

Stage 4 2.66 0.84-8.44 0.10
GOLD group, n (%)

A Reference

B 2.45 0.82-7.31 0.11

E 12.83 4.39-37.50 | <0.01
CAT score

0-10 Reference

11-20 1.84 0.814.21 0.15

21-30 1.08 0.46-2.53 0.87

3140 2.60 0.90-7.55 0.08
Blood eosinophil counts

<100 Reference

100-300 0.76 0.44-1.32 0.33

2300 3.79 2.07-6.93 <0.01

(Continued)
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Table 3 (Continued).

Multivariate Analysis
Odds ratio | 95% CI P value
Inhalation therapies used
ICS Reference
LAMA 0.79 0.21-2.92 | 0.72
LABA/LAMA 1.01 0.33-3.11 0.99
ICS/LABA 1.37 0.52-3.65 0.53
ICS/LABA+LAMA or ICS/LABA/LAMA I.16 0.42-3.18 | 0.78
Comorbidity
Diabetes 0.67 0.40-1.11 0.12
Hypertension 1.21 0.75-1.94 | 0.44
Cardiovascular diseases 1.24 0.80-1.95 0.34

Abbreviations: BMI, body mass index; COPD, chronic obstructive pulmonary disease; AECOPD, Acute
Exacerbation of COPD; GOLD, Global Initiative for Chronic Obstructive Lung Disease; CAT, COPD
assessment test; EV, forced expiratory volume in |s; FVC, forced vital capacity; LABA, long-acting beta-
agonists; LAMA, long-acting antimuscarinic antagonists; ICS, inhaled corticosteroids. In the multivariate
analysis, potential confounders were controlled including age, gender, BMI, smoking habit, disease
duration of COPD, the number of severe COPD exacerbations in the past | year, pulmonary function
test, GOLD stage, GOLD group, the number of severe COPD exacerbations in the past | year, CAT
score, blood eosinophil counts, inhalation therapies used, and comorbidities.

Discussion

Vitamin D deficiency in COPD patients can be attributed to multiple factors. One primary cause is inadequate sunlight
exposure, as vitamin D is predominantly synthesized in the skin through ultraviolet B (UVB) radiation.'” COPD patients
often have limited outdoor activity due to respiratory symptoms, which contributes to lower sun exposure. Moreover,
smoking, which is a common risk factor for COPD, has been shown to impair vitamin D metabolism and lower serum
levels.'® Additionally, older age, common in COPD patients, is associated with reduced skin synthesis of vitamin D."°
Furthermore, nutritional deficiencies, particularly inadequate dietary intake of vitamin D-rich foods, can also play
a significant role.”® Given these factors, patients with COPD are at heightened risk for vitamin D deficiency, which
may exacerbate the severity of the disease. Our findings indicate that severe vitamin D deficiency is significantly
associated with a higher risk of severe AECOPD, even after adjusting for potential confounders including age, gender,
BMI, smoking habit, disease duration of COPD, the number of severe COPD exacerbations in the past 1 year, pulmonary
function test, GOLD stage, GOLD group, the number of severe COPD exacerbations in the past 1 year, CAT score, blood
eosinophil counts, inhalation therapies used, and comorbidities. This underscores the importance of monitoring and
managing vitamin D levels in COPD patients to potentially mitigate the risk of severe exacerbations.

The role of vitamin D deficiency in AECOPD remains a subject of debate. Kunisaki et al conducted a study involving 973
COPD patients prone to exacerbations and found no association between baseline vitamin D levels and subsequent AECOPD
risk.?! Similarly, Puhan et al reported no link between severe vitamin D deficiency and exacerbations, nor any effect of
vitamin D supplementation on AECOPD outcomes.”> Conversely, two other studies suggested that severe vitamin
D deficiency is independently associated with poor clinical outcomes.'®'* A key reason for these inconsistencies may be
the different cut-off points used to define severe vitamin D deficiency. Our findings confirm that severe vitamin D deficiency
(<10 ng/mL) is significantly associated with an increased risk of COPD exacerbations.

Several mechanisms may explain the link between severe vitamin D deficiency and increased risk of severe
exacerbations.! Vitamin D has been shown to enhance innate immunity by promoting the production of antimicrobial
peptides and modulating inflammatory responses.>> Deficiency in vitamin D could impair these immune functions,
leading to a higher susceptibility to respiratory infections, which are a common trigger for COPD exacerbations.**
Additionally, vitamin D deficiency has been associated with reduced lung function, which could predispose patients to

more frequent and severe exacerbations.?
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Our study also identified other significant risk factors for severe exacerbations. Specifically, patients with a history of
>2 AECOPD hospitalizations within the past year had a 2.85 times higher risk of experiencing severe exacerbations,
further emphasizing the critical role of recent exacerbation history as a strong predictor of future exacerbations.
Additionally, patients classified under the GOLD E group were at significantly higher risk, likely due to their advanced
disease stage and more compromised lung function. Elevated blood eosinophil counts (=300 cells/uL) were also
identified as a significant risk factor, which aligns with previous studies suggesting that eosinophilic inflammation
plays a key role in the pathogenesis of AECOPD and exacerbation frequency. The presence of eosinophils may reflect an
inflammatory subtype of COPD that is more prone to severe exacerbations. While vitamin D deficiency remains an
important factor, these additional findings highlight the multifaceted nature of AECOPD exacerbations, where multiple
clinical factors must be considered when assessing the risk of severe exacerbations.

The strengths of our study include a well-defined patient cohort and a prospective design, allowing for a clear
temporal relationship between vitamin D levels and exacerbation risk. However, several limitations should be noted.
First, our study specifically focuses on COPD patients with a recent exacerbation, as they represent a high-risk population
with substantial morbidity and mortality. This group is particularly vulnerable to subsequent events, making them highly
relevant for investigating predictors such as vitamin D deficiency. However, the generalizability of our findings to stable
COPD populations may be restricted. Moreover, vitamin D results were not blinded to the patients. Although no
supplementation was recommended by treating physicians as part of the study, it is possible that some patients
independently sought vitamin D supplementation after being informed of their deficiency. However, vitamin D levels
were measured only at baseline, and fluctuations in these levels during the follow-up period were not accounted for,
potentially introducing bias. Lastly, only data on severe AECOPD cases, where hospitalization served as a reliable
indicator, were included in the analysis. Data on mild and moderate AECOPD were incomplete and insufficiently robust
for accurate classification and evaluation. Future studies should include a broader spectrum of COPD patients, monitor
vitamin D levels longitudinally, and evaluate their dynamic impact on exacerbation risks across varying severities to
provide a more comprehensive understanding of these associations.

In conclusion, our study highlights that severe vitamin D deficiency (<10 ng/mL) is significantly associated with an
increased risk of severe AECOPD in patients with a recent exacerbation. These findings emphasize the importance of
routine assessment and management of vitamin D levels in high-risk COPD populations to mitigate exacerbation risks.
While other factors, such as frequent prior exacerbations, eosinophilia, and GOLD group E classification, also play
a pivotal role in exacerbation risks, addressing modifiable factors like vitamin D deficiency remains a promising avenue
for improving patient outcomes. Future studies are warranted to evaluate the longitudinal impact of vitamin D status and
supplementation across broader COPD populations and varying severities of exacerbations.
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