APPENDIX

Supplementary Table S1. ICD-9-CM diagnosis and procedure codes used to identify diabetes-related complications.
	Description
	Code

	Acute complications
	

	Diabetes with ketoacidosis
	2501

	Diabetes with hyperosmolarity
	2502

	Diabetes with other coma
	2503

	Hypoglycemic coma
	2510

	Hypoglycemia, unspecified
	2512

	Acidosis
	2762

	Cardiovascular and cerebrovascular long-term complications
	

	Diabetes with peripheral circulatory disorders
	2507

	Malignant hypertensive heart disease with heart failure
	40201

	Benign hypertensive heart disease with heart failure
	40211

	Unspecified hypertensive heart disease with heart failure
	40291

	Hypertensive heart and chronic kidney disease, malignant, with heart failure and stage I–IV or unspecified kidney disease
	40401

	Hypertensive heart and chronic kidney disease, benign, with heart failure and stage I–IV or unspecified kidney disease
	40411

	Hypertensive heart and chronic kidney disease, unspecified, with heart failure and stage I–IV or unspecified kidney disease
	40491

	Ischemic heart disease
	410–414

	Heart failure
	428

	Myocardial degeneration
	4291

	Subarachnoid hemorrhage
	430

	Intracerebral hemorrhage
	431

	Other and unspecified intracranial hemorrhage
	432

	Occlusion and stenosis of precerebral arteries
	433

	Occlusion of cerebral arteries
	434

	Transient cerebral ischemia
	435

	Acute but ill-defined cerebrovascular disease
	436

	Other and ill-defined cerebrovascular disease
	437

	Atherosclerosis of native arteries of the extremities
	4402

	Atherosclerosis of bypass graft of the extremities
	4403

	Peripheral angiopathy in diseases classified elsewhere
	44381

	Ulcer of lower limb, except decubitus
	7071

	Gangrene
	7854

	Neuropathic long-term complications
	

	Peripheral autonomic neuropathy in diseases classified elsewhere
	3371

	Trigeminal nerve disorders
	350

	Facial nerve disorders
	351

	Mononeuritis of upper limb and mononeuritis multiplex
	354

	Mononeuritis of lower limb and unspecified site
	355

	Diabetic polyneuropathy
	3572

	Partial third (oculomotor) nerve palsy
	37851

	Complete third (oculomotor) nerve palsy
	37852

	Fourth (trochlear) nerve palsy
	37853

	Sixth (abducens) nerve palsy
	37854

	Renal long-term complications
	

	Diabetes with renal manifestations
	2504

	Nephrotic syndrome in diseases classified elsewhere
	58181

	Acute renal failure
	584

	Chronic renal failure
	585

	Postsurgical renal dialysis status
	V451

	Fitting and adjustment of extracorporeal dialysis catheter
	V561

	Fitting and adjustment of peritoneal dialysis catheter
	V562

	Fitting and adjustment of dialysis catheter, unspecified
	V563

	Ophthalmic long-term complications
	

	Diabetes with ophthalmic manifestations
	2505

	Diabetic retinopathy
	3620

	Toxic maculopathy of the retina
	36255

	Rubeosis iridis
	36442

	Glaucoma associated with vascular disorders of the eye
	36563

	Blindness and low vision
	369

	Long-term complications: amputations
	

	Amputation of toe
	8411*

	Amputation through foot
	8412*

	Disarticulation of ankle
	8413*

	Other amputation below knee
	8415*

	Amputation above knee
	8417*

	Other specified or unspecified long-term complications
	

	Diabetes with other specified manifestations
	2508

	Diabetes with unspecified complication
	2509


*ICD-9-CM procedure codes.


Supplementary Box S1. Illustrative example of the monthly person-time coverage calculation.
The person-time approach used to estimate monthly vaccination coverage can be illustrated using February 2020, which included 29 days. During this month, 59,729 individuals were under observation for the entire month, contributing 59,729 × 29 = 1,732,141 observed person-days. An additional 441 individuals contributed partial follow-up, for a total of 6,211 observed person-days; among them, 178 died during February 2020 and 263 entered the incident cohort during the same month. The total denominator for February 2020 was therefore 1,738,352 observed person-days.
For the numerator, 51,546 individuals were not covered by pneumococcal vaccination during the month and contributed 0 vaccinated person-days. A total of 8,457 individuals were covered for the entire month, contributing 8,457 × 29 = 245,253 vaccinated person-days. A further 167 individuals contributed partial vaccinated person-time, for a total of 2,444 vaccinated person-days; among them, 34 died during February 2020 and 133 received pneumococcal vaccination during the month. No individual both received pneumococcal vaccination and died during February 2020.
Monthly vaccination coverage was therefore calculated as: 247,697 vaccinated person-days / 1,738,352 observed person-days = 14.25%.
This example shows how the approach accounts for staggered cohort entry, death during follow-up, vaccination during the month, and the cumulative nature of vaccination status.


Supplementary Fig. S1. Age distribution at cohort entry among adults with diabetes in the Romagna Local Health Authority (2017–2023).
[image: ]
Note: The age distribution is presented as percentages. Age was grouped into two-year intervals.

Supplementary Fig. S2. Distribution of foreign citizenships among adults with diabetes (n = 2,954).
[image: ]
Note: Citizenship groups are ordered by decreasing percentage.
Supplementary Table S2. Monthly pneumococcal vaccination coverage (%) in the Romagna Local Health Authority, January 2017–June 2024, overall and stratified by sex, age group at cohort entry, and citizenship.
	Month and year
	All
	Sex
	
	Age group, years
	
	Citizenship

	
	
	Male
	Female
	
	18–64
	≥65
	
	Italian
	Foreign

	January 2017
	7.23
	7.27
	7.19
	
	3.91
	8.71
	
	7.37
	3.09

	February 2017
	7.27
	7.29
	7.23
	
	3.95
	8.75
	
	7.40
	3.17

	March 2017
	7.26
	7.31
	7.21
	
	3.96
	8.75
	
	7.39
	3.19

	April 2017
	7.25
	7.30
	7.20
	
	3.99
	8.75
	
	7.39
	3.22

	May 2017
	7.25
	7.30
	7.20
	
	4.01
	8.75
	
	7.39
	3.17

	June 2017
	7.24
	7.28
	7.20
	
	4.02
	8.74
	
	7.38
	3.14

	July 2017
	7.24
	7.27
	7.20
	
	4.05
	8.73
	
	7.38
	3.16

	August 2017
	7.23
	7.25
	7.20
	
	4.06
	8.72
	
	7.37
	3.13

	September 2017
	7.23
	7.25
	7.22
	
	4.06
	8.74
	
	7.38
	3.12

	October 2017
	7.29
	7.30
	7.27
	
	4.11
	8.81
	
	7.43
	3.25

	November 2017
	7.65
	7.72
	7.56
	
	4.91
	8.97
	
	7.80
	3.42

	December 2017
	8.32
	8.51
	8.10
	
	6.32
	9.29
	
	8.49
	3.69

	January 2018
	8.54
	8.75
	8.30
	
	6.67
	9.45
	
	8.70
	3.99

	February 2018
	8.63
	8.86
	8.36
	
	6.75
	9.55
	
	8.79
	4.06

	March 2018
	8.69
	8.93
	8.41
	
	6.84
	9.61
	
	8.86
	4.04

	April 2018
	8.71
	8.97
	8.42
	
	6.90
	9.63
	
	8.89
	3.97

	May 2018
	8.74
	9.01
	8.44
	
	6.92
	9.66
	
	8.92
	3.98

	June 2018
	8.75
	9.03
	8.43
	
	6.93
	9.68
	
	8.93
	4.00

	July 2018
	8.76
	9.06
	8.44
	
	6.93
	9.70
	
	8.94
	4.07

	August 2018
	8.76
	9.04
	8.45
	
	6.92
	9.71
	
	8.94
	4.07

	September 2018
	8.79
	9.05
	8.50
	
	6.93
	9.75
	
	8.97
	4.08

	October 2018
	8.86
	9.15
	8.54
	
	7.00
	9.83
	
	9.04
	4.06

	November 2018
	9.31
	9.66
	8.91
	
	7.74
	10.13
	
	9.49
	4.36

	December 2018
	10.09
	10.52
	9.61
	
	8.97
	10.68
	
	10.29
	4.88

	January 2019
	10.33
	10.78
	9.83
	
	9.33
	10.87
	
	10.54
	5.05

	February 2019
	10.45
	10.91
	9.93
	
	9.45
	10.99
	
	10.65
	5.17

	March 2019
	10.51
	10.96
	10.02
	
	9.51
	11.06
	
	10.72
	5.16

	April 2019
	10.56
	11.01
	10.06
	
	9.54
	11.12
	
	10.78
	5.11

	May 2019
	10.60
	11.04
	10.10
	
	9.54
	11.18
	
	10.81
	5.10

	June 2019
	10.64
	11.08
	10.15
	
	9.55
	11.25
	
	10.86
	5.17

	July 2019
	10.67
	11.12
	10.17
	
	9.57
	11.29
	
	10.89
	5.24

	August 2019
	10.69
	11.14
	10.19
	
	9.58
	11.32
	
	10.91
	5.26

	September 2019
	10.74
	11.19
	10.23
	
	9.59
	11.38
	
	10.96
	5.27

	October 2019
	10.84
	11.32
	10.30
	
	9.64
	11.52
	
	11.06
	5.29

	November 2019
	12.15
	12.74
	11.48
	
	11.24
	12.66
	
	12.39
	6.10

	December 2019
	13.60
	14.34
	12.78
	
	12.84
	14.04
	
	13.87
	6.84

	January 2020
	14.04
	14.83
	13.15
	
	13.20
	14.52
	
	14.32
	7.09

	February 2020
	14.25
	15.06
	13.35
	
	13.34
	14.78
	
	14.53
	7.21

	March 2020
	14.32
	15.12
	13.43
	
	13.39
	14.87
	
	14.61
	7.29

	April 2020
	14.30
	15.09
	13.41
	
	13.36
	14.85
	
	14.58
	7.27

	May 2020
	14.28
	15.08
	13.39
	
	13.32
	14.85
	
	14.57
	7.27

	June 2020
	14.27
	15.07
	13.37
	
	13.28
	14.86
	
	14.56
	7.28

	July 2020
	14.31
	15.12
	13.39
	
	13.29
	14.92
	
	14.60
	7.28

	August 2020
	14.34
	15.15
	13.42
	
	13.28
	14.98
	
	14.63
	7.28

	September 2020
	14.37
	15.17
	13.47
	
	13.25
	15.05
	
	14.67
	7.22

	October 2020
	15.16
	16.06
	14.16
	
	13.98
	15.88
	
	15.49
	7.46

	November 2020
	17.08
	18.17
	15.86
	
	15.97
	17.77
	
	17.46
	8.20

	December 2020
	18.57
	19.84
	17.13
	
	17.24
	19.39
	
	18.99
	8.55

	January 2021
	19.26
	20.62
	17.73
	
	17.84
	20.16
	
	19.71
	8.87

	February 2021
	19.55
	20.92
	18.00
	
	18.01
	20.52
	
	20.01
	8.82

	March 2021
	19.63
	21.01
	18.09
	
	18.02
	20.66
	
	20.10
	8.88

	April 2021
	19.65
	21.02
	18.12
	
	17.99
	20.72
	
	20.12
	8.87

	May 2021
	19.65
	21.00
	18.13
	
	17.91
	20.77
	
	20.12
	8.83

	June 2021
	19.63
	20.99
	18.12
	
	17.85
	20.79
	
	20.11
	8.83

	July 2021
	19.63
	20.99
	18.11
	
	17.80
	20.82
	
	20.11
	8.83

	August 2021
	19.64
	20.98
	18.14
	
	17.78
	20.86
	
	20.12
	8.88

	September 2021
	19.66
	21.00
	18.16
	
	17.74
	20.92
	
	20.14
	8.82

	October 2021
	19.75
	21.10
	18.24
	
	17.76
	21.07
	
	20.24
	8.85

	November 2021
	20.61
	22.04
	19.01
	
	18.30
	22.15
	
	21.13
	8.99

	December 2021
	21.60
	23.15
	19.86
	
	19.29
	23.14
	
	22.15
	9.26

	January 2022
	21.95
	23.57
	20.14
	
	19.59
	23.54
	
	22.51
	9.42

	February 2022
	22.09
	23.73
	20.25
	
	19.64
	23.74
	
	22.66
	9.46

	March 2022
	22.18
	23.83
	20.33
	
	19.69
	23.88
	
	22.75
	9.53

	April 2022
	22.24
	23.91
	20.39
	
	19.70
	23.98
	
	22.82
	9.61

	May 2022
	22.28
	23.94
	20.43
	
	19.67
	24.08
	
	22.86
	9.72

	June 2022
	22.30
	23.96
	20.44
	
	19.65
	24.12
	
	22.87
	9.70

	July 2022
	22.31
	23.95
	20.47
	
	19.64
	24.16
	
	22.89
	9.64

	August 2022
	22.30
	23.95
	20.47
	
	19.63
	24.17
	
	22.89
	9.63

	September 2022
	22.32
	23.96
	20.49
	
	19.64
	24.20
	
	22.90
	9.69

	October 2022
	22.39
	24.03
	20.56
	
	19.64
	24.33
	
	22.98
	9.72

	November 2022
	22.84
	24.52
	20.97
	
	19.92
	24.91
	
	23.45
	9.88

	December 2022
	23.45
	25.17
	21.53
	
	20.36
	25.64
	
	24.07
	10.12

	January 2023
	23.70
	25.47
	21.73
	
	20.58
	25.93
	
	24.34
	10.14

	February 2023
	23.89
	25.67
	21.91
	
	20.74
	26.15
	
	24.54
	10.12

	March 2023
	24.03
	25.81
	22.04
	
	20.86
	26.31
	
	24.68
	10.11

	April 2023
	24.18
	25.99
	22.16
	
	21.02
	26.47
	
	24.84
	10.19

	May 2023
	24.28
	26.10
	22.26
	
	21.12
	26.58
	
	24.95
	10.18

	June 2023
	24.35
	26.18
	22.31
	
	21.18
	26.67
	
	25.02
	10.24

	July 2023
	24.44
	26.28
	22.39
	
	21.27
	26.77
	
	25.12
	10.26

	August 2023
	24.52
	26.36
	22.46
	
	21.35
	26.85
	
	25.19
	10.34

	September 2023
	24.65
	26.55
	22.53
	
	21.50
	26.98
	
	25.33
	10.37

	October 2023
	24.95
	26.87
	22.81
	
	21.78
	27.31
	
	25.64
	10.43

	November 2023
	25.79
	27.74
	23.63
	
	22.44
	28.30
	
	26.51
	10.78

	December 2023
	26.55
	28.55
	24.32
	
	23.04
	29.18
	
	27.30
	10.97

	January 2024
	26.87
	28.90
	24.62
	
	23.30
	29.57
	
	27.64
	11.04

	February 2024
	27.15
	29.17
	24.91
	
	23.54
	29.90
	
	27.92
	11.22

	March 2024
	27.33
	29.35
	25.08
	
	23.70
	30.09
	
	28.10
	11.34

	April 2024
	27.56
	29.62
	25.26
	
	24.01
	30.29
	
	28.34
	11.52

	May 2024
	27.77
	29.83
	25.47
	
	24.27
	30.46
	
	28.55
	11.66

	June 2024
	27.96
	30.06
	25.62
	
	24.49
	30.64
	
	28.75
	11.76


Note: Vaccination coverage was estimated monthly as the ratio of person-days covered by vaccination to total person-days under observation in the study population. Age groups were defined according to age at cohort entry and collapsed into broader categories for descriptive purposes and to minimize transitions across categories during follow-up.

Supplementary Table S3. Competing-risks regression model: individual and contextual determinants of pneumococcal vaccination uptake.
	[bookmark: _Hlk218687607]
	Subhazard
	p-value
	95% CI

	
	ratio
	
	

	Sex
	
	
	

	   Male
	Ref.
	
	

	   Female
	0.87
	<0.001
	0.84–0.90

	Age group, years
	
	
	

	   18–39
	Ref.
	
	

	   40–49
	1.67
	<0.001
	1.38–2.01

	   50–59
	3.34
	<0.001
	2.81–3.96

	   60–69
	6.95
	<0.001
	5.88–8.23

	   70–79
	3.99
	<0.001
	3.37–4.72

	   80–89
	2.20
	<0.001
	1.85–2.62

	   ≥90
	0.99
	0.906
	0.78–1.25

	Citizenship
	
	
	

	   Italian
	Ref.
	
	

	   Foreign
	0.49
	<0.001
	0.44–0.54

	Health district of residence
	
	
	

	   Ravenna
	Ref.
	
	

	   Lugo
	0.97
	0.346
	0.90–1.04

	   Faenza
	1.10
	0.007
	1.03–1.18

	   Forlì
	0.94
	0.022
	0.90–0.99

	   Cesena–Valle del Savio
	1.13
	<0.001
	1.06–1.21

	   Rimini
	0.97
	0.248
	0.93–1.02

	   Riccione
	1.04
	0.313
	0.96–1.12

	   Rubicone
	0.90
	0.007
	0.84–0.97

	Cohort
	
	
	

	   Prevalent
	Ref.
	
	

	   Incident
	1.73
	<0.001
	1.66–1.79

	Charlson Comorbidity Index (2005)
	
	
	

	   0
	Ref.
	
	

	   1
	1.06
	0.079
	0.99–1.13

	   ≥2
	0.87
	<0.001
	0.81–0.92

	Previous diabetes-related complications
	
	
	

	   No
	Ref.
	
	

	   Yes
	0.85
	0.014
	0.75–0.97

	Altitude zone of municipality of residence
	
	
	

	   Inland mountain
	1.12
	0.087
	0.98–1.27

	   Inland hill
	0.97
	0.379
	0.91–1.04

	   Coastal hill
	0.86
	0.007
	0.78–0.96

	   Plain
	Ref.
	
	

	Degree of urbanization
	
	
	

	   City
	Ref.
	
	

	   Towns and suburbs
	0.94
	0.013
	0.89–0.99

	   Rural area
	0.99
	0.756
	0.92–1.06


Abbreviations: CI, confidence interval.


Supplementary Box S2. Interpretation of Cox and competing-risks models.
The main Cox proportional hazards model and the competing-risks sensitivity analysis address related but distinct questions. In the Cox model, death before vaccination is treated as censoring. Therefore, hazard ratios describe the rate of vaccination among individuals who are still alive, under observation, and not yet vaccinated at each time point. This model is informative about the vaccination process among individuals who remain at risk of receiving the vaccine.
In contrast, the competing-risks model treats death before vaccination as a competing event that precludes subsequent vaccination and estimates associations with vaccination uptake in the presence of mortality.
This distinction is particularly relevant for older and more clinically complex individuals. These individuals may have more frequent healthcare contacts, increasing opportunities for vaccine recommendation and administration. At the same time, they also have higher mortality, which shortens the time window during which vaccination can occur. As a result, Cox and competing-risks estimates may diverge for variables strongly associated with mortality, while remaining similar for variables less affected by competing death.
In our analyses, estimates for sex, citizenship, cohort, health district, and contextual variables were broadly consistent across the two models. In contrast, differences were more evident for very old age and markers of clinical complexity. For example, among individuals aged ≥90 years, the Cox model suggested a higher vaccination rate among those still alive and unvaccinated, whereas the competing-risks model showed no increase in the cumulative probability of vaccination. Similarly, the positive Cox associations observed for Charlson comorbidity were attenuated or reversed in the competing-risks model, and previous diabetes-related complications were associated with a lower cumulative probability of vaccination.
Clinically, these findings indicate that comorbidity should not be interpreted simply as increasing the realized probability of vaccination. Rather, clinical complexity may act in two opposite directions: it may increase opportunities for vaccination through more frequent healthcare contact, while also reducing the cumulative opportunity to be vaccinated because of higher mortality.


Supplementary Table S4. Sensitivity analysis restricted to Italian citizens: Kaplan–Meier estimates of the cumulative probability of first recorded pneumococcal vaccination in the incident cohort.
	Years since
	Full incident cohort,
	Italian citizens only,

	cohort entry
	% (95% CI)
	% (95% CI)

	1
	4.4 (4.1–4.7)
	4.6 (4.3–4.9)

	2
	8.3 (7.9–8.8)
	8.7 (8.2–9.1)

	3
	12.6 (12.1–13.2)
	13.1 (12.6–13.7)

	4
	17.9 (17.3–18.5)
	18.6 (17.9–19.2)

	5
	22.4 (21.6–23.1)
	23.2 (22.5–24.0)

	6
	27.4 (26.6–28.3)
	28.5 (27.6–29.4)

	7
	34.8 (33.6–36.0)
	36.0 (34.8–37.3)


Note: Pointwise 95% confidence intervals (CIs) were constructed using the asymptotic variance of the log–log-transformed Kaplan–Meier survivor function and then expressed on the cumulative-failure scale.



Supplementary Table S5. Sensitivity analysis restricted to Italian citizens: multivariable Cox proportional hazards model.
	
	Full cohort
	Italian citizens only

	
	HR
	95% CI
	HR
	95% CI

	Sex
	
	
	
	

	   Male
	Ref.
	
	Ref.
	

	   Female
	0.84***
	0.81–0.86
	0.84***
	0.81–0.86

	Age group, years
	
	
	
	

	   18–39
	Ref.
	
	Ref.
	

	   40–49
	1.66***
	1.38–2.01
	1.70***
	1.39–2.07

	   50–59
	3.37***
	2.84–4.00
	3.48***
	2.91–4.17

	   60–69
	7.30***
	6.17–8.65
	7.60***
	6.36–9.08

	   70–79
	4.53***
	3.82–5.36
	4.70***
	3.93–5.61

	   80–89
	3.33***
	2.80–3.97
	3.46***
	2.88–4.15

	   ≥90
	2.90***
	2.28–3.67
	2.99***
	2.35–3.82

	Citizenship
	
	
	
	

	   Italian
	Ref.
	
	—
	

	   Foreign
	0.48***
	0.43–0.54
	—
	—

	Health district of residence
	
	
	
	

	   Ravenna
	Ref.
	
	Ref.
	

	   Lugo
	0.96
	0.89–1.03
	0.97
	0.90–1.04

	   Faenza
	1.10**
	1.02–1.18
	1.10*
	1.02–1.18

	   Forlì
	0.94*
	0.89–0.99
	0.94*
	0.89–0.99

	   Cesena–Valle del Savio
	1.13**
	1.05–1.21
	1.13**
	1.05–1.21

	   Rimini
	0.97
	0.92–1.02
	0.96
	0.91–1.01

	   Riccione
	1.04
	0.96–1.13
	1.02
	0.94–1.10

	   Rubicone
	0.90**
	0.83–0.97
	0.89**
	0.83–0.96

	Cohort
	
	
	
	

	   Prevalent
	Ref.
	
	Ref.
	

	   Incident
	1.69***
	1.62–1.75
	1.69***
	1.62–1.76

	Charlson Comorbidity Index (2005)
	
	
	
	

	   0
	Ref.
	
	Ref.
	

	   1
	1.22***
	1.15–1.31
	1.22***
	1.14–1.30

	   ≥2
	1.28***
	1.20–1.36
	1.27***
	1.19–1.36

	Previous diabetes-related complications
	
	
	
	

	   No
	Ref.
	
	Ref.
	

	   Yes
	1.00
	0.87–1.14
	0.98
	0.86–1.13

	Altitude zone of municipality of residence
	
	
	
	

	   Inland mountain
	1.14
	1.00–1.30
	1.14
	1.00–1.30

	   Inland hill
	0.97
	0.90–1.03
	0.96
	0.90–1.03

	   Coastal hill
	0.87*
	0.79–0.98
	0.89*
	0.80–1.00

	   Plain
	Ref.
	
	Ref.
	

	Degree of urbanization
	
	
	
	

	   City
	Ref.
	
	Ref.
	

	   Towns and suburbs
	0.93**
	0.89–0.98
	0.93**
	0.89–0.98

	   Rural area
	0.98
	0.91–1.05
	0.98
	0.91–1.05


Note: The Italian-citizen-only model included the same covariates as the main model except citizenship. Full-cohort estimates are reproduced for comparison.
Abbreviations: HR, hazard ratio; CI, confidence interval.
***p <0.001; **p ≤0.01; *p ≤0.05.
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Belgium

Greece

Croatia

Burkina Faso

Sri Lanka

Côte d'Ivoire

Ecuador

Cuba

Colombia

United Kingdom

Dominican Republic

France

Egypt

Serbia

Brazil

Bosnia and Herzegovina

Pakistan

Peru

India

Germany

Philippines

Algeria

Russian Federation

Nigeria

Moldova

Poland

San Marino

Bulgaria

Bangladesh

Tunisia

North Macedonia

China

Senegal

Ukraine

Romania

Morocco

Albania


