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Vaccination can prevent influenza in solid organ transplant (SOT) recipients. Using a 
modified season- specific approach over nine consecutive influenza seasons, we in-
vestigated influenza vaccination coverage and effectiveness in a population- based 
nationwide cohort study that included all SOT recipients aged ≥18 years who were 
living in Denmark from December 1, 2007 to April 1, 2016. The primary outcome was 
the season- specific risk of all- cause pneumonia admission. Secondary outcomes were 
season- specific influenza- related admission, intensive care unit (ICU) admission, and all- 
cause mortality. Crude and adjusted hazard ratios (aHRs) with 95% confidence intervals 
(CIs) were estimated using Cox proportional hazards regression models. In total, 11 381 
person- years of follow- up data were collected from 5745 SOT recipients, 48% of whom 
were vaccinated. Influenza vaccination was associated with a reduced risk of all- cause 
pneumonia admission (aHR, 0.83; 95% CI, 0.69– 0.99; p = .035) and all- cause mortality 
(aHR, 0.60; 95% CI, 0.47– 0.76; p = .001), but not influenza- related admission (aHR, 0.75; 
95% CI, 0.46– 1.22; p = .24) or ICU admission (aHR, 0.84; 95% CI, 0.67– 1.06; p = .14) 
during the same season. Despite these benefits, uptake of influenza vaccination among 
SOT recipients was low. Therefore, annual influenza vaccination needs to be prioritized.
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1  |  INTRODUC TION

The influenza virus is a common cause of respiratory tract infections 
in both immunocompromised and immunocompetent populations.1 
Influenza is a potentially serious infection in solid organ transplant 
(SOT) recipients and may result in hospitalization, admission to an 
intensive care unit (ICU), or even death.2,3 Annual seasonal influenza 
vaccination is widely recommended and considered the main strat-
egy for preventing influenza and its complications in immunocom-
promised patients, including SOT candidates and recipients.4- 6

The American Society of Transplantation recommends annual in-
fluenza vaccination for all SOT recipients.4 Nevertheless, SOT recip-
ients are reportedly under- immunized against influenza, and nearly 
half of SOT recipients were unvaccinated in both US and European 
settings.7 Therefore, a substantial proportion of this high- risk group 
of patients is susceptible to influenza infection, despite the wide-
spread availability of vaccines.6

Even though the influenza vaccine is the most extensively stud-
ied vaccine in transplant recipients,8 its effectiveness remains con-
troversial. Most studies indicate that antibody responses in SOT 
recipients are suboptimal after influenza vaccination and that these 
responses vary depending on the immunosuppressive drug regimen 
used, the time since transplantation, and the type of graft.3,9 There 
have been few randomized clinical trials involving SOT recipients.9,10 
Data from multicenter observational studies on SOT recipients with 
laboratory- confirmed influenza infection indicated that vaccination 
during the same influenza season was associated with a decrease 
in disease severity, assessed as pneumonia occurrence and ICU ad-
mission.2,3 Thus, recommendations for influenza vaccination in SOT 
recipients rely on immunogenicity data, observational studies, and 
efficacy results from non- immunocompromised populations.4,9

We investigated the effects of seasonal influenza vaccination. 
Our primary outcome was the incidence of all- cause pneumonia 
admission. Secondary outcomes were the incidences of influenza- 
related admission and ICU admission, as well as all- cause mortality 
in SOT recipients. We conducted a large, nationwide, population- 
based observational study using medical registers, and we linked 
information on vaccinations, hospital admissions, and deaths for all 
SOT recipients in Denmark to investigate these outcomes during 
nine consecutive influenza seasons.

2  |  MATERIAL S AND METHODS

2.1  |  Study setting and data sources

This is a population- based nationwide cohort study including all kid-
ney, heart and/or lung, and liver transplant recipients aged ≥18 years 
living in Denmark from December 1, 2007 to April 1, 2016. Nationwide 
administrative registers were used to collect information on comor-
bidities, medications other than immunosuppressants, household in-
come, and educational level. Immunosuppressants are provided free 
of charge from hospital departments, and immunosuppression data 

are, therefore, not available from the Danish National Prescription 
Register.

All persons living in Denmark are assigned a unique 10- digit per-
sonal registration number which enables cross- referencing among 
Danish national registers, facilitating comprehensive population- based 
studies.11 Nationwide registers that collect health and social data 
on all citizens have been described elsewhere.12 We retrieved infor-
mation from the following registers: (1) The Danish Civil Registration 
System,13 which includes information on the date of birth, sex, vital sta-
tus, date of death, emigration, and residential location; (2) The Danish 
National Patient Register, which includes dates of admission and hos-
pital discharge, department of admission, and all primary and second-
ary discharge diagnoses and procedure codes from hospital contacts 
in accordance with the tenth revision of the International Statistical 
Classification of Diseases and Related Health Problems (ICD- 10)14; (3) 
The Danish National Population Register, which includes information 
on household income and educational level; (4) The Danish National 
Prescription Register,15 including data on all prescription drugs sold in 
Danish community pharmacies to each individual; and (5) The National 
General Practitioners Reimbursement Register, including unique gov-
ernmental reimbursement codes and from which we extracted data on 
influenza vaccine administration before each season. All residents in 
Denmark have access to free universal health care. The registers used 
in this study are listed in Supplementary Table S1.

2.2  |  Study design

We used a modified cohort study design with a season- specific ap-
proach to assessing the association between influenza vaccination 
and outcomes, as previously described.16 In brief, we assumed that 
influenza vaccination could improve outcomes either by reducing 
the likelihood of influenza infection or reducing the severity of in-
fection. However, such effects are only relevant if influenza is ac-
tively circulating in the population. Therefore, we chose to restrict 
the analysis to the calendar period during which influenza is most 
active in Denmark (December, January, February, and March), based 
on previous epidemiological data17 Nine influenza seasons between 
2007 and 2016 were included, representing nine different observa-
tion periods. For each season, we identified all SOT recipients alive 
on December 1 and followed them until April 1, of the following year 

Summary

Influenza vaccination is recommended for solid organ 
transplant (SOT) recipients. Seasonal influenza vaccina-
tion was associated with a reduced risk of hospitaliza-
tion for all- cause pneumonia. However, in this nationwide 
cohort study, seasonal vaccination coverage was <50%. 
Therefore, annual influenza vaccination should be prior-
itized in SOT recipients.
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by retrieving information from the National Patient Register (ICD- 10 
code DZ94). Patient characteristics were assessed at the beginning 
of each season (December 1). Thus, each patient could contribute to 
multiple observation periods or seasons.

2.3  |  Exposure (influenza vaccination status)

In Denmark, seasonal influenza vaccination is offered to all SOT 
recipients free of charge. Vaccines administered by general practi-
tioners are recorded in the General Practitioners Reimbursement 
Register, and we used these data to assess the exposure to influenza 
vaccination before the beginning of each season. A patient was con-
sidered vaccinated if they had received an influenza vaccine during 
the previous 4 months before the beginning of the corresponding 
influenza season. We chose this period because most influenza vac-
cines dispensed in Denmark are administered from September to 
November (14% were administered in September, 64% in October, 
and 17% in November). In addition to the main analysis and to evalu-
ate whether more acutely ill patients would have been vaccinated 
during a hospitalization (and, therefore, categorized in the “non- 
vaccinated” group), we conducted a chart review of 100 randomly 
selected SOT recipients who had transplants between 2010 and 
2019 in our center and verified their influenza vaccination status.

2.4  |  Variables and outcomes

The following variables were included in the statistical analysis: sex, 
age, type of graft, time since transplantation, underlying medical con-
ditions, prescribed medications, vaccination in the previous season, 
household income, and educational level. Relevant underlying medi-
cal conditions and prescribed medications are listed in Supplementary 
Tables S2 and S3. The time since transplantation was the time since 
the first transplant, regardless of re- transplantation. We reassessed 
and updated patient characteristics on the index date of each season 
(December 1) to take season- to- season changes into account. The 
primary outcome was hospitalization with all- cause pneumonia, in-
cluding influenza admissions (ICD- 10 codes DJ09– DJ18). Secondary 
outcomes were influenza- related hospital admission (ICD- 10 codes 
DJ09– DJ11), all- cause ICU admission, and all- cause mortality during 
the corresponding influenza season. ICD- 10 diagnoses of pneumonia 
were made by clinicians and based on clinical, microbiological, and 
radiological criteria, as previously described.18,19 For all non- fatal out-
comes, only the first event was analyzed. Influenza was diagnosed in 
SOT recipients in Denmark in accordance with national guidelines20 
and confirmed by a polymerase chain reaction test.

2.5  |  Statistical analysis

Differences in baselines characteristics between groups were evalu-
ated by the χ2 test and Fisher's exact test, as appropriate. Differences 

were considered significant at p < .05. To assess the association 
between influenza vaccination and outcomes, we used multivari-
able Cox regression with multiple follow- up intervals per patient, 
and we adjusted the model for the following confounders: age, sex, 
type of transplant, time since transplant, comorbidities, household 
income, educational level, prescribed medications, and influenza 
vaccination status during the previous season. All prescribed medi-
cations and comorbidities listed in Supplementary Tables S2 and S3 
were included in the adjusted models. Patients were followed from 
December 1 until the date they died or until April 1 of the following 
year, whichever came first, allowing a contribution of up to 120 days 
per patient per season. We stratified the models by season and used 
a clustered variance estimator considering observations from the 
same patient as clustered to account for multiple observation pe-
riods per patient, as previously described (https://www.stata.com/
manua ls/ststc ox.pdf). We also assessed the association between 
mortality and vaccination in the “off- season” months (April 1 to 
December 1 the following year). For this analysis, we extended the 
follow- up from the 4- month “in- season” period to 1 year (December 
1 to December 1 the following year). Estimates presented are pooled 
estimates for all influenza seasons.

2.6  |  Sensitivity analysis

To assess whether influenza vaccination was associated with a 
healthier patient, we performed two different sensitivity analyses. 
First, we looked at the same outcomes during the non- influenza sea-
son period (June, July, and August). Second, we looked at whether 
there was an association between influenza vaccination and the in-
cidence of any cancer diagnosis.

2.7  |  Ethics

The authors had full access to raw, anonymized data stored by 
Statistics Denmark. According to Danish law, informed consent or 
approval by an ethics committee is not required for studies based 
solely on anonymized data from nationwide administrative registers.

3  |  RESULTS

3.1  |  Study subjects and baseline characteristics

A total of 5745 adult SOT recipients with a mean age of 50 years 
(standard deviation [SD], 14.4) were included. Among these, 62% 
(n = 3553) were male and 48% (n = 2790) were vaccinated against 
influenza before at least one of the nine influenza seasons included 
in the study period. Patients who were vaccinated before the begin-
ning of at least one influenza season (n = 2790) were older (mean 
age, 53.6 [SD, 10.6] vs. 46.8 [SD, 14.5] years; p < .001). Vaccinated 
patients were also more likely to have underlying comorbidities than 

https://www.stata.com/manuals/ststcox.pdf
https://www.stata.com/manuals/ststcox.pdf
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non- vaccinated patients (Tables 1 and 2). Vaccinated patients had 
higher household incomes but similar educational levels (Table 3). In 
addition, among 326 influenza vaccinations provided to 100 SOT re-
cipients during 2010– 2019, only 16 vaccinations (0.05%) were given 
during a hospital contact.

3.2  |  Follow- up and outcomes

During the nine influenza seasons, 5745 SOT recipients (≥18 years) 
provided 11 381 person- years of follow- up (PYFU) data. The mean 
number of influenza seasons per patient was 7 (interquartile range, 
3– 9 seasons). During the nine seasons, there were 948 all- cause 
pneumonia admissions, corresponding to an incidence rate (IR) of 83 
per 1000 PYFU; 150 influenza- related admissions (IR, 13 per 1000 
PYFU); and 532 ICU admissions (IR, 47 per 1000 PYFU).

Crude and adjusted (a) hazard ratios (HRs) for all patients are shown 
in Figure 1. Before adjustment, influenza vaccination was associated 
with an increased risk of all- cause pneumonia admission (HR, 1.18; 
95% confidence interval [CI], 1.02– 1.38; p = .021) and all- cause mortal-
ity (HR, 1.10; 95% CI, 0.91– 1.33; p = .033), a non- significant increased 
risk of ICU admission (HR, 1.10; 95% CI, 0.92– 1.32; p = .30), but a re-
duced risk of influenza- related hospital admission (HR, 0.65; 95% CI, 
0.46– 0.92; p = .016). After adjusting for confounders (age, sex, type 
of transplant, time since transplant, comorbidities, household income, 

educational level, prescribed medicines, and influenza vaccination 
status in the previous season), we found a statistically significant re-
duction in the risk of all- cause pneumonia admission (aHR, 0.83; 95% 
CI, 0.69– 0.99; p = .035) and all- cause mortality during the influenza 
season (aHR, 0.60; 95% CI, 0.47– 0.76; p = .001), but no statistically 
significant reduction in the risk of influenza- related hospital admission 
(aHR, 0.75; 95% CI, 0.46– 1.22; p = .24) or ICU admission (aHR, 0.84; 
95% CI, 0.67– 1.06; p = .14).

As a sensitivity analysis, we investigated the association be-
tween seasonal influenza vaccination and cancer diagnoses in the 
same influenza season. We excluded patients with prevalent can-
cers (n = 363). Among the remaining patients (n = 5382), 330 cancer 
events were registered during the influenza season. In the unadjusted 
analysis, influenza vaccination was significantly associated with inci-
dent cancer (HR, 1.71; 95% CI, 1.38– 2.14; p < .001). However, in the 
fully adjusted model, influenza vaccination was not significantly as-
sociated with incident cancer (aHR, 1.25; 95% CI, 0.91– 1.71; p = .16). 
We also tested for the effect of influenza vaccination on the same 
outcomes during the non- influenza season months (June, July, and 
August). We found a non- significant increased risk of all- cause pneu-
monia admission (n = 203 events) in the fully adjusted model (aHR, 
1.39; 95% CI, 0.96– 2.02; p = .078). For the off- season mortality 
analysis (n = 305 events), we found that influenza vaccination was 
associated with a non- significant reduced risk of death in the fully 
adjusted model (aHR, 0.76; 95% CI, 0.55– 1.06; p = .103).

All patients
(n = 5745)

Non vaccine
(n = 2955)

Vaccine
(n = 2790)

p- valueNo. (%) No. (%) No. (%)

Age in years, mean (SD) 50 (14.4) 46.8 (14.5) 53.6 (10.6) <.001

Age group

18– 34 951 (16.5%) 654 (22.1%) 297 (25.6%) <.001

35– 49 1725 (30%) 1012 (34.2%) 713 (21.0%)

50– 64 2236 (39%) 1001 (33.9%) 1235 (44.3%)

≥65 833 (14.5%) 288 (9.7%) 545 (19.5%)

Male 3553 (62%) 1891 (64.0%) 1662 (59.6%) .007

Solid organ transplant

Kidney 3981 (69.3%) 2180 (73.8%) 1801 (64.6%) <.001

Heart 582 (10.3%) 225 (7.6%) 357 (12.8%)

Lung 499 (8.7%) 184 (6.2%) 315 (11.3%)

Heart and lung 32 (0.5%) 16 (0.5%) 16 (0.6%)

Liver 651 (11.3%) 350 (11.8%) 301 (10.8%)

Days since transplant,
median (interquartile 

range)

656 (182– 3480) 794.5 (211– 3460) .15

Note: Patients in the non- vaccine group had never received an influenza vaccination, according 
to the registers. Patients in the vaccine group include patients who had received at least one 
influenza vaccination before any influenza season during the nine influenza seasons included in the 
study. Solid organ transplant recipients’ characteristics are reported at the time of patients’ first 
inclusion into the study. p values <.05 were considered significant.
Abbreviation: SD, standard deviation.

TA B L E  1  Demographic characteristics 
of solid organ transplant recipients 
according to influenza vaccination status
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4  |  DISCUSSION

In this nationwide cohort study, we evaluated the effects of influ-
enza vaccination in SOT recipients over many seasons and found 
that vaccination was associated with a reduction in admissions to 
hospital with all- cause pneumonia. Vaccinated SOT recipients also 

had a reduced risk of all- cause mortality. However, influenza vacci-
nation coverage was low in this high- risk population during the nine 
influenza seasons included in the study.

More than 100 000 SOTs are performed annually worldwide.21 
SOT candidates and recipients are highly susceptible to influenza 
and have an increased risk of complications due to influenza.3,4 

All patients
(n = 5745)

No vaccine
(n = 2955)

Vaccine
(n = 2790)

p- valueNo. (%) No. (%) No. (%)

Hypertension 3342 (58.2%) 1629 (55.1%) 1713 (61.4%) <.001

Acute myocardial infarction 237 (4.5%) 95 (3.8%) 142 (5.1%) <.001

Ischemic heart disease 940 (16.3%) 393 (13.3%) 547 (19.6%) <.001

Valvular disease 257 (4.5%) 125 (4.2%) 132 (5.5%) .36

Cerebrovascular disease 329 (5.7%) 152 (5.1%) 177 (6.3%) .05

History of cancer 543 (9.5%) 259 (8.8%) 284 (10.2%) .067

Atrial fibrillation or flutter 479 (8.3%) 197 (6.7%) 282 (10.1%) <.001

Chronic renal failure 3078 (53.6) 1648 (55.8%) 1430 (51.3%) <.001

Anemia 387 (6.7%) 190 (14.2%) 197 (7.1%) .34

Diabetes 901 (15.7%) 420 (14.2%) 481 (17.2%) .002

COPD 356 (6.2%) 115 (3.9%) 241 (8.6%) <.001

Liver disease 493 (8.6%) 264 (8.9%) 229 (8.2%) .33

Note: Patients in the non- vaccine group had never received an influenza vaccination, according 
to the registers. Patients in the vaccine group include patients who had received at least one 
influenza vaccination before any influenza season during the nine influenza seasons included in the 
study. Solid organ transplant recipients’ characteristics are reported at the time of patients’ first 
inclusion into the study. p values <.05 were considered significant.
Abbreviation: COPD, chronic obstructive pulmonary disease.

TA B L E  2  Underlying comorbid 
conditions in solid organ transplant 
recipients according to influenza 
vaccination status

TA B L E  3  Socioeconomic and educational level of solid organ transplant recipients according to influenza vaccination status

All patients
(n = 5745)

No vaccine
(n = 2955)

Vaccine
(n = 2790)

p- valueNo. No. (%) No. (%)

Household income quartile

First quartile 1395 810 (27.4%) 585 (21.0%) <.001

Second quartile 1394 674 (22.8%) 720 (25.8%)

Third quartile 1395 633 (21.4%) 762 (27.3%)

Fourth quartile 1394 689 (23.3%) 705 (25.3%)

Missing 167 149 (5.0%) 18 (0.6%)

No. (%) No. (%) No. (%)

Highest educational level

Basic school, <10 years 1894 (32.9%) 977 (33.1%) 917 (32.9%)

High school, +3 years 312 (5.4%) 183 (6.2%) 129 (4.6%) <.001

Vocational education 2045 (35.6%) 973 (32.9%) 1072 (38.4%)

Short/medium higher, +2– 4 years 903 (15.7%) 435 (14.7%) 468 (16.8%)

Long higher, +5 years or more 261 (4.5%) 131 (4.4%) 130 (4.7%)

Unknown 330 (5.7%) 256 (8.7%) 74 (2.7%)

Note: Patients in the non- vaccine group had never received an influenza vaccination, according to the registers. Patients in the vaccine group include 
patients who had received at least one influenza vaccination before any influenza season during the study period. Solid organ transplant recipients’ 
characteristics are reported at the time of patients’ first inclusion into the study. p values <.05 were considered significant.
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Despite current recommendations, influenza vaccination coverage 
among SOT recipients is reportedly low.22,23 This may be due to 
vaccine hesitancy, concerns about vaccine effectiveness, adverse 
effects, and/or a lack of awareness regarding vaccine recommen-
dations.24 Initiatives to improve vaccination uptake in this vulner-
able population are needed, ideally involving patient organizations, 
general practitioners, infectious disease clinicians, and transplant 
program specialists. Even though most seasonal influenza vaccina-
tions in Denmark are administered by general practitioners, we can-
not rule out the possibility that some vaccines may have been given 
in hospital settings or pharmacies, because we cannot access this 
information. This would partly explain the low estimate of vaccine 
coverage in our study population.

We found that influenza vaccination was associated with a 17% 
overall reduction in the incidence of all- cause pneumonia admissions 
during the same influenza season and that 16% of pneumonia hospi-
talizations were due to influenza. These results are consistent with 
findings reported in a large multicenter observational study that in-
cluded 477 adult SOT recipients diagnosed with influenza,2 in which 
investigators found a decrease in disease severity measured as ad-
mission for pneumonia or to an ICU. Such an effect could be related 
to a “healthy vaccinees” bias; however, we found that vaccinated 
SOT recipients were older, more likely to have comorbidities, and 
used more medications than unvaccinated SOT recipients. Thus, our 
findings suggest that influenza vaccination is associated with a sig-
nificant reduction in all- cause pneumonia admission in this high- risk 
population, with a substantial proportion of these hospitalizations 
being attributable to influenza.

We found that influenza vaccination was associated with an over-
all reduction in mortality during the same season. A single- center 

retrospective study that included 187 pediatric kidney transplant 
recipients found that influenza vaccination was associated with a 
reduced risk of mortality during the first year after transplantation, 
but this finding was not reproduced over subsequent seasons,25 
whereas studies in adult SOT recipients produced inconsistent re-
sults.23,26 To test for a healthy- vaccinee bias,16 we compared the risk 
of hospitalization for vaccinated and unvaccinated SOT recipients 
during the non- influenza season months and evaluated the associ-
ation between influenza vaccination and incident cancer during fol-
low- up, because influenza vaccination should have no effect on the 
risk of cancer during influenza seasons. In the off- season adjusted 
analyses, influenza vaccination was not associated with altered rates 
of admission for pneumonia or altered mortality rates. Similarly, al-
though influenza vaccination was associated with an increased risk 
of cancer, this finding was not significant in the adjusted analysis. 
Thus, even though we have attempted to control for confounders, 
there must be some residual confounding (e.g., smoking status or 
pneumococcal vaccine coverage).

Our study has strengths and limitations. Several sources of con-
founding may have affected our estimates. First, outcomes in any 
given influenza season will be determined by differences in the cir-
culating viruses and differences in the antigenic match of vaccine 
products and their efficacy.27 In particular, the 2014– 2015 influenza 
vaccines were less effective against the influenza A/H3N2 virus, 
with an overall vaccine effectiveness of 19%.28,29 Two randomized 
studies showed that high doses of non- adjuvant inactivated vaccines 
improved serological outcomes in SOT recipients compared to stan-
dard doses.9,18 The current study did not allow us to control the dose 
or valency of the administered influenza vaccines. However, one 
strength of our analysis is that we obtained pooled estimates across 

F I G U R E  1  Association between influenza vaccination status and outcomes in solid organ transplant recipients stratified by age group. 
Crude and adjusted hazard ratios (HRs) with 95% confidence intervals (95% CIs) are presented. Adjustment for age, time since transplant, 
transplant type, level of education, income, comorbidities, prescribed medicines, and vaccination status in the previous season was done
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vaccine products and multiple influenza seasons, suggesting that in-
fluenza vaccines reduce the risk of adverse outcomes in SOT recipi-
ents, including pneumonia hospitalization, despite the considerable 
heterogeneity between seasons and administered vaccine doses.

Second, we used nonspecific outcomes to assess the potential 
effects of influenza vaccines, including all- cause pneumonia ad-
mission, influenza- related hospitalization, and all- cause mortality. 
These outcomes are widely used in observational studies to evalu-
ate the effectiveness of influenza vaccination.27 Due to the nature 
of the data used in this study, we were unable to track individual 
patients back to their medical files. Therefore, we cannot be cer-
tain that the patients who were admitted fulfilled clinical, diagnostic, 
and radiological criteria for pneumonia. Influenza vaccines are only 
effective against influenza virus. However, influenza infection can 
predispose individuals to secondary bacterial pneumonia and other 
adverse outcomes such as cardiovascular events.16 In these cases, 
analyzing only one outcome (e.g., influenza- specific hospitalization 
or death) may underestimate the benefits of the vaccine. A study 
that analyzed laboratory- confirmed influenza data or radiologically 
confirmed pneumonia cases would have been able to assess the ef-
fects of vaccination with more precision, but these data were not 
available to us. Furthermore, information on the different types of 
immunosuppressive drugs and treatments used to counteract acute 
organ rejection was not available, and these factors may also affect 
vaccine effectiveness.

Furthermore, in the unadjusted analysis, vaccination was signifi-
cantly associated with a reduced risk of influenza- related hospital 
admission. However, after full adjustment, this association was no 
longer significant, although the HRs for the unadjusted and adjusted 
estimates are similar (unadjusted HR, 0.65; 95% CI, 0.46– 0.92; 
p = .016 vs. adjusted HR, 0.75; 95% CI, 0.46– 1.22; p = .24). Because 
we recorded only 150 influenza- related hospital admissions, the sta-
tistical power for this analysis was low compared to our pneumonia 
admissions analysis, which included more than 900 outcome events. 
Hence, the influenza analysis may have been underpowered. After 
adjustment, the effect of influenza vaccination on mortality during 
the same season was very large. Vaccination did not have a statisti-
cally significant effect on all- cause mortality during the months out-
side the influenza season, and the large estimated effect suggests 
some residual confounding.

Finally, we attempted to adjust for measurable confounders 
using the available data. However, unmeasured confounders and 
residual bias will have affected our assessment of vaccine effective-
ness on all- cause mortality. For example, we did not have data on 
treatment with oseltamivir, which may affect the severity of disease 
and increase the proportion of false- negative laboratory tests.2,30 
In addition, we did not have data on pneumococcal vaccinations, 
which might affect the risk of hospitalization due to pneumonia. 
The sensitivity analysis suggests that residual confounding, which 
is common in this type of study, has affected our assessments in 
both the influenza season and the non- influenza season.26 After 
conducting a chart review, we found that less than 1% of influenza 
vaccinations provided to SOT recipients during our study period 

were given during a hospital contact. Thus, misclassification due to 
vaccination at hospitals is probably a minor confounder. A similar 
study from the Netherlands that investigated the effect of influenza 
vaccination on elderly patients also found a substantial reduction in 
the risk of mortality after adjustment for both measured and unmea-
sured confounders.19 Factors such as functional health status and 
frailty, which are not available from medical registers, may also be 
important confounders.

Because Danish health care registers are independently com-
piled and comprehensive, the risks of selection bias and loss to fol-
low- up were minimal.30 Danish registers are of high quality, and they 
are used in many studies, including studies on SOT recipients and 
studies that evaluate the similar outcomes that we have used.19,30- 33 
However, we cannot rule out the possibility of misclassification of 
both exposure and outcomes, although these differences would not 
be recorded systematically throughout the cohort. Differences in 
patients’ approaches to seeking health care may also affect vaccine 
evaluation. However, this is probably a less important factor, be-
cause access to health care in Denmark is free and universal. Finally, 
the generalizability of our results to other settings may be limited 
due to differences in the organization and capacity of health care 
systems in different countries, particularly regarding the definition 
of ICU admission. Because we used anonymized register data for our 
analyses, individual chart reviews were not included in this study. 
These could have improved our assessments of vaccination cover-
age within the study population.

In conclusion, influenza vaccination of SOT recipients was 
associated with a reduced risk of hospitalization due to all- cause 
pneumonia and a reduced risk of all- cause mortality during the 
same influenza season. Vaccination coverage was low, indicating 
that efforts to increase vaccine coverage are needed and that 
there are major opportunities for improvements in preventing this 
disease.
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