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Background/Aims: Concerns exist regarding the potential carcinogenic effect of N-nitrosodimethylamine (NDMA) as a 
contaminant of the antihypertensive medication, valsartan. This study evaluated the association of NDMA-contaminated val-
sartan with cancer incidence. 
Methods: Nationwide longitudinal observational cohort of 3,231,212 participants from the National Health Insurance Ser-
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INTRODUCTION

Pharmacological treatment of non-communicable diseases 
requires long-term use. Therefore, it is an existential threat 
that even a very small amount of carcinogen causes sub-
stantial problems through long-term accumulation. Hence, 
concerns about the possibility of cancer associated with an-
tihypertensive drugs are continuously raised and resolved. 
Representative controversies have occurred with antihyper-
tensive medications and overall cancers [1], angiotensin re-
ceptor blockers and lung cancer [2], nifedipine with breast 
and gastrointestinal tract cancers [3-5], and hydrochlorothi-
azide and skin cancer [6].

Recent concerns include the potential carcinogenic effect 
of impurities generated during manufacturing processes 
rather than the main drug ingredient. The European Med-
icines Agency withdrew medicines containing the active 
substance, valsartan, which was supplied by Huahai Phar-
maceuticals, China, from the market in July 2018 because 
of contamination with N-nitrosodimethylamine (NDMA) [7]. 
The United States Food and Drug Administration followed 
this action after confirming its contamination. On July 7, 
2018, the Korea Ministry of Food and Drug Safety (MFDS) 
immediately suspended 219 generic valsartan products po-
tentially contaminated with NDMA, and finally withdrew 
115 generic valsartan products on July 9, 2018 [8,9]. Inves-
tigations reported that Huahai Pharmaceuticals probably 
brought the new manufacturing process contaminating 
NDMA around 2012 [10]. Shortly after the withdrawal ac-

tion in 2018, Pottegård et al. [11] reported no significant 
increase in overall cancer (adjusted hazard ratio [aHR] 1.09, 
95% confidence interval [CI] 0.85–1.41) and no dose-re-
sponse relation based on the Danish health registry during 
4-year interval. Gomm et al. [7], in 2021, based on German 
health insurance data, reported a statistically significant as-
sociation between exposure to NDMA-contaminated val-
sartan and hepatic cancer (aHR 1.16, 95% CI 1.03–1.31); 
however, no association was found with the overall cancer 
risk during a 3-year interval. In contrast, observational study 
based on the French National Health Data System report-
ed that the use of the NDMA-contaminated valsartan did 
not increase the overall risk of cancer, but suggested the 
increased risk of liver cancer and melanoma for a median 
follow-up of 4 years [12].

In Korea, as an immediate administrative measure, > 90% 
of related valsartan generic prescriptions were suspended 
after the government announcement. Following this deci-
sion, prescriptions of the affected products were centrally 
blocked through the national Drug Utilization Review sys-
tem, and patients were routinely switched to NDMA-uncon-
taminated valsartan, creating a quasi–policy-driven natural 
experiment in which exposure was largely determined by 
regulatory action rather than individual prescribing prefer-
ence [13]. Korea’s health policy mandates an immediate 
withdrawal from the market if drugs have potential risks 
before confirming the substantiality of the risks. However, 
there may be unintended consequences of a sudden sus-
pension of antihypertensive drugs on public health includ-
ing a possibility that adherence to antihypertensive drugs 

vice of South Korea consisted and was followed up more than 7 years. We performed 1:1:1 pairwise propensity score match-
ing (PSM) of NDMA-uncontaminated, NDMA-contaminated, and initially-suspended-but-finally confirmed as NDMA-uncon-
taminated valsartan user-groups. The primary outcome was any primary cancer incidence. The secondary outcome was the 
incidences of 12 organ-specific cancers. The risks of all-cause and cardiovascular deaths were estimated before and after the 
withdrawal of valsartan. 
Results: Among participants (59.5 ± 13.1 yr; male, 53.5%), valsartan new users had adjusted hazard ratios and 95% con-
fidence intervals of 1.069 (1.054–1.085) and 1.172 (1.128–1.216) for any cancer in the NDMA-exposed period (versus ND-
MA-unexposed) before and after PSM, respectively. Regardless of PSM, prostate cancer risk increased significantly. All-cause 
and cardiovascular mortality did not differ significantly with NDMA exposure before and after emergent banning.
Conclusions: Use of valsartan products contaminated with NDMA was associated with a modestly increased risk of overall 
cancer compared with uncontaminated products, a finding that requires confirmation in further studies.
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might be reduced due to fear of cancer occurrence and 
overall distrust of medications; regarding cancer incidence, 
many health checkups might be conducted due to increased 
health concerns of patients with an increase in prostate, 
thyroid and breast cancer incidence, because they are fre-
quently diagnosed during screenings; and a possibility that 
cardiovascular events might increase due to a decrease in 
adherence to antihypertensive medications.

Therefore, this study evaluated the association of NDMA-con-
taminated valsartan with cancer incidence. We classified 
valsartan into three groups—NDMA-contaminated, NDMA- 
uncontaminated, and initially suspended but eventually ND-
MA-uncontaminated—according to the MFDS – National 
Health Insurance Service (NHIS) linkage, and defined ex-
posure periods using time-dependent variables that reflect 
the recall-driven switching patterns. We also compared all-
cause and cardiovascular deaths before and after valsartan 
withdrawal.

METHODS

Data source
We conducted a long-term observation analysis using na-
tionwide claims data from the NHIS-National Health Infor-
mation Database (NHID), Korea. The NHIS is a single, man-
datory medical care system that covers approximately 50 
million people residing in Korea. We also linked the Cause 
of Death Statistics by Korea Statistics to NHIS-NHID via the 
Microdata Integrated Service (https://mdis.kostat.go.kr). 
This study was exempted from review by the Institutional 
Review Board of Seoul National University Hospital (E-2103-
057-1203) because of the anonymized data. Informed con-
sent requirement was unattainable, because the NHIS-pro-
vided data were de-identified. The NHIS approved the use of 
the released data in 2022. This study was conducted using 
pre-existing cohort data, and no experiments involving live 
vertebrates or human subjects were performed. Therefore, 
separate approval for experimental protocols was not re-
quired.

Study population
We enrolled patients treated with at least one valsartan pre-
scription between January 1, 2013 and December 31, 2020. 
Minimal adherence was assessed based on the number of 
prescription days during the 3-months period immediately 

following the first observed valsartan prescription after co-
hort entry. Eligible patients had received a type of valsartan 
with prescription days ≥ 20% during this initial 3-month 
window and were aged ≥ 30 years. The cohort entry date 
was set to January 1, 2013, and patients were followed up 
until the date of death or December 31, 2020. We excluded 
patients with a history of cancer before the index date and 
incomplete baseline characteristics. 

Exposure
Valsartan was grouped into three by the NHIS as follows: 
NDMA-uncontaminated, NDMA-contaminated, and initial-
ly-suspended but finally confirmed as NDMA-uncontami-
nated valsartan (eventually NDMA-uncontaminated valsar-
tan). In Korea, the MFDS issued an emergency suspension 
of 219 valsartan products on July 7, 2018, narrowing to 128 
confirmed NDMA-contaminated products by July 9 after 
testing [9]. Concurrently, the Ministry of Health and Welfare 
enacted a nationwide health insurance reimbursement sus-
pension for 125 affected products effective July 9, 08:30 via 
the national Drug Utilization Review system, automatically 
blocking prescriptions and facilitating patient switching to 
uncontaminated alternatives (HIRA Insurance Notice 2018-
407) [13]. However, patients prescribed with “eventually 
NDMA-uncontaminated” valsartan received same recall 
messages; thus, they might show similar health behavior as 
the NDMA-contaminated valsartan group. Therefore, we 
included them in the analysis as an internal control group.

To avoid immortal time bias, valsartan was considered as a 
time-dependent exposure (Fig. 1). The period from January, 
2013 to the first observed valsartan prescription or follow-up 
among patients who received NDMA-uncontaminated val-
sartan was defined as the NDMA-unexposed period. The 
follow-up time of patients who received NDMA-contami-
nated valsartan was grouped into the NDMA-unexposed 
and NDMA-exposed periods. For the eventually NDMA-un-
contaminated valsartan, patients had NDMA-unexposed 
and eventually NDMA-uncontaminated valsartan-exposed 
periods.

Endpoints
The primary outcome was any primary cancer develop-
ment. We also considered the incidence of 12 prevalent 
organ-specific cancers in Korea based on the International 
Classification of Diseases, 10th revision (ICD-10) codes (Sup-
plementary Table 1). The onset date was defined as the first 
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Figure 1. Flowchart of this study. PDC, prescription of days covered; NDMA, N-nitrosodimethylamine; HIV, human immunodeficiency vi-
rus; ASMD, absolute standardized mean difference; PSM, propensity score matching.

Eligible study population
1:1 PSM

Pairw
ise PSM

Treatm
ent strategy

Cohort entry 3 month

1st prescription

1st prescription

PDC ≥ 20%
NDMA-related valsartan user

NDMA-uncontaminated valsartan user

2020.12.31 or death

3,928,291 Patients who have received at least one valsartan in 2013-2020

NDMA unexposed period

NDMA-related valsartan user

3,440,542 Patients who have received valsartan prescription  
with PDC ≥ 20% during 3 months following the first observed prescription

1:1 propensity score matching was performed at ASMD 0.1 using age, sex, Charlson co-
morbidity index, body mass index, being a prevalent user, drinking status, smoking status 

disability, and level of healthcare provider

1:1:1 pairwise propensity score matching in the same manner above

2,500,775 NDMA-
uncontaminated valsartan

2,340,729 NDMA-
uncontaminated valsartan

126,991 NDMA-
uncontaminated valsartan

166,987 NDMA-
uncontaminated valsartan

523,977 NDMA- 
contaminated valsartan

497,879 NDMA-
contaminated valsartan

126,991 NDMA-
contaminated valsartan

166,987 NDMA-
contaminated valsartan

415,790 Eventually 
NDMA-uncontaminated 

valsartan

392,604 Eventually 
NDMA-uncontaminated 

valsartan

126,991 Eventually 
NDMA-uncontaminated 

valsartan

Excluded

487,749 Patients who have 
received valsartan prescription 

with PDC < 20% during 3 months 
after in 2013-2020

Excluded

87,933 Patients aged < 30 
121,397 Patients with history of 
cancer and HIV before the cohort 

entry

Excluded

2,165,141 Patients with incom-
plete information needed in 
propensity score matching

NDMA unexposed period
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diagnosis of any or organ-specific cancers. To evaluate the 
safety, all-cause and cardiovascular death were considered 
as secondary outcomes. We divided the year 2018 from Jan-
uary 1 to July 6 (before withdrawal) and July 7 to December 
31 (after withdrawal) to compare the incidence of safety 
outcomes. The ICD-10 codes of fatal cardiovascular events in-
cluded hypertensive disease (I10–16), ischemic heart disease 
(I20–25), myocarditis/cardiomyopathy (I40–43), arrhythmias/
heart failure (I46–52), cerebrovascular disease (I60–69), and 
aortic aneurysm (I70–73). 

Statistical analysis
To address potential confounding effects, we performed pro-
pensity score matching (PSM) using nearest method to 
match participants in three groups. Matching was based 
on age, sex, body mass index, Charlson comorbidity index 
(CCI), prevalent user of antihypertensive medication, drink-
ing status, smoking status, presence of disability, and level of 
healthcare provider from primary to tertiary hospitals (Sup-
plementary Table 2). Using these variables, propensity scores 
were generated and the eventually NDMA-contaminated 
valsartan group was matched to each of the NDMA-un-
contaminated valsartan and NDMA-contaminated valsartan  
(Fig. 1). Matching performance was validated by achieving 
an absolute standardized mean difference < 10% (Supple-
mentary Table 2). 

We compared participants’ baseline characteristics before 
and after PSM by using an analysis of variance (ANOVA) or 
Welch’s ANOVA for continuous variables and a χ2 test for 
categorical variables. Crude incidence rates (IRs) and their 
95% CIs were estimated under the assumption that each 
event follows the Poisson distribution. To focus on new-user 
design, we isolated valsartan new users and time-dependent 
Cox models were used to estimate aHRs considering age, 
sex, CCI, and the year of the first observed valsartan pre-
scription. The dose-response relationship was evaluated us-
ing the same model. We replicated all these analyses includ-
ing valsartan prevalent users, considering being a prevalent 
user as a confounder. We pre-specified a 2-year lag period 
for the primary analysis to account for reverse causation and 
potential diagnostic delay, and conducted the analysis after 
excluding patients with events within 2 years of the first ob-
served valsartan prescription. For the secondary outcome, 
the risk of all-cause death was estimated among valsartan 
new users, and cardiovascular death was assessed using a 
cause-specific competing risk model. 

We performed sensitivity analyses using different lag pe-
riods (no lag, 6 months, and 1 year), and the Akaike infor-
mation criterion (AIC) was used to evaluate the robustness 
across models. Furthermore, three sensitivity analyses were 
implemented to account for key factors: (i) analysis stratified 
by prostate cancer aged £ 65 or > 65 years old; (ii) analyses 
excluding patients diagnosed with any cancer during the 
first year of follow-up; (iii) analyses including only patients 
who received valsartan prescriptions since 2015.

The significance level for all statistical analyses was set at 
0.05. To account for multiple comparisons, the Bonferroni 
correction was applied. Given that any cancer and 12 types 
of cancers were examined, p < 0.004 was considered the 
corrected significant threshold. Statistical analysis was per-
formed using SAS Enterprise Guide (version 7.13; SAS Insti-
tute), R software (version 4.1.3; R project), and Rex (version 
3.5.3; RexSoft). 

RESULTS

Baseline characteristics
NDMA-uncontaminated (including original) and NDMA-con-
taminated valsartan were used from the study onset (Janu-
ary 1, 2013), while the eventually NDMA-uncontaminated 
valsartan was first claimed in September 2013. All prescrip-
tions of valsartan invariably decreased after July, 2018, while 
those for NDMA-contaminated valsartan were totally elimi-
nated. For the eventually NDMA-uncontaminated valsartan, 
although the temporary withdrawal was dismissed two days 
after initial suspension, the claim amount decreased in July–
October, 2018, but maintained at the end of study period 
(December 31, 2020) (Supplementary Fig. 1).

We identified 3,231,212 participants who received at 
least one tablet of valsartan, satisfying minimal adherence 
to prescription. Table 1 shows the baseline characteristics of 
the entire cohort and by valsartan groups. Compared with 
the NDMA-uncontaminated group, the NDMA-contaminat-
ed and eventually NDMA-uncontaminated valsartan groups 
reported hypertensive medication history less. In contrast, 
patients in the NDMA-uncontaminated valsartan group had 
higher comorbidity (high CCI) and were more likely to be 
treated in secondary and tertiary hospitals.

All covariates before PSM differed according to the valsar-
tan group. After 1:1 PSM, 166,987 users of NDMA-contam-
inated valsartan and 166,987 users of NDMA-uncontami-
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nated valsartan users were identified (Supplementary Table 
3). Next, we performed 1:1:1 pairwise-PSM for the com-
parison of the three groups (Supplementary Table 4). After 
this process, 126,991 users were matched in each group: 
NDMA-contaminated valsartan, eventually NDMA-uncon-
taminated valsartan, and NDMA-uncontaminated valsartan. 
The baseline characteristics between these valsartan groups 
were moderated after PSM (Supplementary Table 3, 4). The 

flow diagram of the study is presented in Figure 1. Before 
PSM, the mean follow-up years (standard deviation) of each 
exposure group were 7.2 (1.9), 7.1 (1.7), and 7.2 (1.6) for 
the NDMA-uncontaminated, NDMA-contaminated, and 
eventually NDMA-uncontaminated valsartan groups, re-
spectively.

 Table 1. Baseline characteristics of study population before propensity score matching

Characteristic
Total 

(n = 3,231,212)
Original valsartan 
(n = 2,340,729)

Eventually NDMA-
uncontaminated 

valsartan 
(n = 392,604)

NDMA-
contaminated 

valsartan 
(n = 497,879)

p value

Age (yr) 59.5 ± 13.1 59.6 ± 13.1 58.4 ± 13.0 60.2 ± 13.0 < 0.001b)

Sex

Male 1,729,185 (53.5) 1,251,572 (53.5) 220,216 (56.1) 257,397 (51.7) < 0.001

Female 1,502,027 (46.5) 1,089,157 (46.5) 172,388 (43.9) 240,482 (48.3)

CCI < 0.001

0 1,117,080 (34.6) 795,896 (34.0) 152,286 (38.8) 168,898 (33.9)

1 811,326 (25.1) 585,361 (25.0) 98,847 (25.2) 127,118 (25.5)

2 545,323 (16.9) 396,944 (17.0) 62,529 (15.9) 85,850 (17.2)

≥ 3 757,483 (23.4) 562,528 (24.0) 78,942 (20.1) 116,013 (23.2)

Being a prevalent user < 0.001

No 2,580,766 (79.9) 1,726,616 (73.8) 392,548 (99.9) 461,599 (92.7)

Yes 650,446 (20.1) 614,110 (26.2) 56 (0.1) 36,280 (7.3)

Drinking status < 0.001c)

No 580,727 (18.0) 423,135 (18.1) 64,843 (16.5) 92,749 (18.6)

Yes 525,191 (16.3) 377,406 (16.1) 67,279 (17.1) 80,506 (16.2)

Missing 2,125,294 (65.8) 1,540,188 (65.8) 260,482 (66.4) 324,624 (65.2)

Disability < 0.001

No 366,137 (11.3) 266,799 (11.4) 41,883 (10.7) 57,455 (11.5)

Yes 2,865,075 (88.7) 2,073,930 (88.6) 350,721 (89.3) 440,424 (88.5)

Level of healthcare provider < 0.001c)

Tertiary 275,395 (8.5) 272,014 (11.6) 680 (0.2) 2,701 (0.5)

Secondary 777,139 (24.1) 636,297 (27.2) 59,218 (15.1) 81,624 (16.4)

Primary 1,966,594 (60.9) 1,313,803 (56.1) 297,279 (75.7) 355,512 (71.4)

Healthcare center 185,545 (5.7) 100,059 (4.3) 31,432 (8.0) 54,063 (10.9)

Othersa) 24,665 (0.8) 17,128 (0.7) 3,749 (1.0) 3,788 (0.8)

Missing 1,874 (0.1) 1,428 (0.1) 255 (0.1) 191 (0.1)

Values are presented as mean ± standard deviation or number (%).
NDMA, N-nitrosodimethylamine; CCI, Charlson comorbidity index.
a)Others’ healthcare providers included dentistry, psychiatry, and oriental medicine.
b)Welch’s t-test was performed for unequal population variances.
c)Chi-square test was performed including missing value.
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Incidence of primary cancers
The crude IRs (case per 1,000 person-years) of any cancer 
and their 95% CIs before and after PSM among valsartan 
new users were as follows: 20.62 (20.54–20.70) and 19.91 
(19.63–20.20) for NDMA-uncontaminated valsartan; 19.43 
(19.28–19.58) and 19.73 (19.44–20.01) for NDMA-con-
taminated valsartan; and 17.50 (17.35–17.65) and 18.27 
(18.00–18.54) for eventually NDMA-uncontaminated val-
sartan, respectively (Supplementary Table 5). Particularly, 
the IRs per 1,000 person-years (95% CIs) of prostate cancer 
before PSM were 6.58 (6.52–6.64) for NDMA-uncontami-
nated valsartan, 5.51 (5.40–5.62) for eventually NDMA-un-
contaminated valsartan, and 6.71 (6.59–6.83) for ND-
MA-contaminated valsartan. After PSM, the corresponding 
IRs (95% CIs) were 6.72 (6.51–6.93), 6.06 (5.87–6.27), and 
6.90 (6.69–7.12), respectively.

The aHRs of any cancer and 12 organ-specific cancers in val-
sartan new users, as well as in the original population, were 

estimated according to different lag criteria (6 months and 
1 and 2 years) (Supplementary Table 6, 7). For each clinical 
outcome, the lowest AICs were detected when participants 
who experienced events within 2 years were excluded. The 
risks (95% CIs) of any cancer during the NDMA-exposed pe-
riod (compared to those for the NDMA-unexposed) among 
valsartan new user were as follows: 1.069 (95% CI 1.054–
1.085) before PSM, 1.146 (1.110–1.183) after 1:1 PSM; 
and 1.172 (1.128–1.216) after 1:1:1 PSM (Fig. 2A). Similar 
trends were observed in the original population, with risks 
of 1.098 (1.084–1.113) before PSM, 1.146 (1.113–1.180) 
after 1:1 PSM, and 1.172 (1.129–1.217) after 1:1:1 PSM 
(Supplementary Table 7). However, increases in any can-
cer risk in both populations were also observed during the 
eventually NDMA-unexposed period, a biologically implau-
sible finding. 

In analyses of 12 organ-specific cancers, prostate, stom-
ach, and pancreatic cancers showed significantly increased 

Figure 2. (A) The risks of any cancer and (B) the dose-response relationship among valsartan new users. All the results were estimated ex-
cluding patients with the events within 2 years after the first observed valsartan prescription. aHR, adjusted hazard ratio; CI, confidence in-
terval; PSM, propensity score matching; NDMA, N-nitrosodimethylamine. a)All hazard ratios before PSM were adjusted for age, sex, Charl-
son’s comorbidity index, and the year of the first observed valsartan prescription. b)All hazard ratios after PSM were adjusted for age, sex, 
and the year of the first observed valsartan prescription. *Statistically significances at the threshold using Bonferroni correction for 13 tests  
(p < 0.005).

A

Outcomes Overall cancer
PSM Event (n) aHR [95% CI] p value
Before PSMa) NDMA-unexposed 86,363 1.000

Eventually NDMA-unexposed 15,902 1.049 [1.031-1.067] < 0.001
NDMA-exposed 24,828 1.069 [1.054-1.085] < 0.001

1:1 PSMb) NDMA-unexposed 7,705 1.000
NDMA-exposed 7,869 1.146 [1.110-1.183] < 0.001

1:1:1 PSMb) NDMA-unexposed 5,565 1.000
Eventually NDMA-unexposed 4,315 1.138 [1.093-1.184] < 0.001
NDMA-exposed 5,684 1.172 [1.128-1.216] < 0.001

0.9	1	 1.2	 1.6

Outcomes Overall cancer
PSM Dose (mg) Event (n) aHR [95% CI] p value
Before PSMa) NDMA-unexposed 86,363 1.000

< 10,800 7,333 1.049 [1.024-1.074] < 0.001
≥ 10,800 to < 40,800 7,206 1.018 [0.994-1.043] 0.148
≥ 40,800 10,289 1.063 [1.041-1.085] < 0.001

1:1 PSMb) NDMA-unexposed 7,705 1.000
< 10,800 2,273 1.135 [1.083-1.190] < 0.001
≥ 10,800 to < 40,800 2,229 1.068 [1.018-1.120] 0.007
≥ 40,800 3,367 1.150 [1.104-1.198] < 0.001

1:1:1 PSMb) NDMA-unexposed 6,207 1.000
< 10,800 1,818 1.133 [1.075-1.194] < 0.001
≥ 10,800 to < 40,800 1,791 1.061 [1.006-1.119] 0.028
≥ 40,800 2,744 1.153 [1.101-1.207] < 0.001

B 0.9	1	 1.2	 1.6
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risk during the NDMA-exposed period regardless of PSM. 
Notably, no increased risk was observed during the eventu-
ally NDMA-uncontaminated period after PSM (Supplemen-
tary Table 6 for valsartan new users; Supplementary Table 
7 for original population). Colorectal cancer also showed a 
significantly increased risk during the NDMA-exposed peri-
od regardless of PSM. However, these cancers showed an 
increased risk during the eventually NDMA-uncontaminated 
period after 1:1:1 PSM, possibly suggesting the false-posi-
tive association (Supplementary Table 6). 

To further investigate, we evaluated the dose-response 
relationship for organ-specific cancers with statistically sig-
nificant differences (Fig. 2B, Supplementary Table 8). The 
aHR for any cancer was significant at the highest dose levels, 
regardless of PSMs among valsartan new users, as was for 
prostate cancer. Colorectal cancer showed dose-response 
relationships after 1:1 PSM, but pancreatic cancer did not 
1:1:1 PSM. Stomach cancer showed no dose-response rela-
tionship under either PSMs. 

In the comparison between NDMA-contaminated valsar-
tan and eventually NDMA-uncontaminated valsartan, we 
found equivalent results although statistical significance is 
marginal in any cancer (Fig. 3). Overall, the risks of most or-
gan-specific cancers were increased during the NDMA-con-
taminated period, compared to eventually NDMA-uncon-
taminated valsartan period.

Next, we conducted sensitivity analyses for valsartan new 
users under three scenarios. First, subgroup analyses of 
prostate cancer revealed consistent risk trends across age 
group (Supplementary Table 9). Second, in another sensi-
tivity analysis excluding patients with any cancer during the 
first year of follow-up, prostate cancer risks and dose-re-
sponse relationships remained similar (Supplementary Table 
10, 11). Third, when including patients who received valsar-
tan since 2015, clinical significance was observed only for 
any cancer, although the trend was similar (Supplementary 
Table 12, 13).

Risks of all-cause and cardiovascular death 
before and after immediate banning
The crude all-cause and cardiovascular death rates (case per 
1,000 person-years) among valsartan new users were eval-
uated before and after the immediate ban on NDMA-con-
taminated valsartan (Supplementary Table 14). No signifi-
cant difference in the risks of all-cause or cardiovascular 
deaths was observed before and after the ban (July 7, 2018) 
among valsartan new users exposed to NDMA (p = 0.225 
for all-cause death; p = 0.418 for cardiovascular death; Table 
2). These findings remained consistent after 1:1:1 pairwise 
PSM, with p = 0.337 and p ≥ 0.999, respectively (Table 2).

DISCUSSION

In this nationwide cohort study, we observed an increased 
risk of any cancer associated with the use of NDMA-con-
taminated valsartan products. In analysis of 12 prevalent 
cancer outcomes, prostate cancer consistently showed an 
increased risk during the NDMA-exposed period with evi-
dence of a dose–response pattern, whereas no excess risk 
was observed in the eventually NDMA-uncontaminated 
group after PSM, supporting a potential prostate-specific 
signal. In contrast, there was no evidence that the risks of 
all-cause and cardiovascular deaths increased after emer-
gent banning. Although NDMA-contaminated valsartan 
is no longer on the market, the issue of impurities in an-
tihypertensive drugs continues, including recent azide (az-
idomethyl-biphenyl-tetrazole) issue associated with the an-
giotensin type 1 receptor antagonist class, namely “sartan” 
[14], and the results of this study can offer valuable evidence 
for determining future health policy stance. 

The principal strength of this study was the use of a 

Figure 3. The risks of 12 prevalent organ-specific cancers in 
Korea according to NDMA-contaminated valsartan. Analyses of 
risks in NDMA-contaminated valsartan compared to eventually 
NDMA-uncontaminated valsartan. All the results were estimated 
excluding patients with the events within 2 years after the first 
observed valsartan prescription. All hazard ratios after PSM were 
adjusted for age, sex, and the year of the first observed valsartan 
prescription. aHR, adjusted hazard ratio; CI, confidence interval; 
NDMA, N-nitrosodimethylamine; PSM, propensity score matching.

Outcomes aHR [95% CI] p value
Any cancer 1.039 [1.003-1.076] 0.036
Bladder 1.021 [0.867-1.203] 0.801
Breast 0.874 [0.712-1.072] 0.196
Colorectal 1.024 [0.920-1.140] 0.664
Gallbladder and etc. 0.947 [0.758-1.184] 0.633
Kidney 0.982 [0.780-1.238] 0.881
Liver 0.940 [0.849-1.041] 0.236
Lung 1.012 [0.902-1.135] 0.841
Pancreatic 1.057 [0.934-1.197] 0.377
Prostate 1.127 [1.042-1.218] 0.003
Stomach 1.097 [0.968-1.244] 0.148
Thyroid 1.001 [0.861-1.163] 0.994
Uterine 0.775 [0.568-1.058] 0.108

0.7	 1	 1.2	 1.5
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high-quality nationwide registry, without selection bias. Be-
cause the NHIS in Korea is a single, mandatory medical care 
system, this study enabled the collection of > 3 million pa-
tients’ data for > 7 years. Additionally, as confirmed by the 
MFDS, we could provide the three valsartan categories from 
the NHIS. In particular, patients prescribed with “eventual-
ly NDMA-uncontaminated” valsartan had a high possibility 
of the same reaction as the NDMA-contaminated valsartan 
group. In principle, the Korean NHIS-NHID claim data do not 
allow the search for product names (only generic names can 
be searched) to prevent commercial use. However, with the 
3-year’s efforts (2020 to 2022), the Korean NHIS accepted 
that it was a study for public purposes, and offered the data 
classified into three groups, not according to the individu-
al brand names. Therefore, we minimized possible bias in 
four ways; by increasing the lag period after exposure, per-
forming PSM, establishing dose-response relationship, and 
identifying no significant association in the eventually ND-
MA-uncontaminated valsartan group as an internal control. 
Lastly, in Korea, the National Plan for Cancer Control was 
implemented in 1996 and all cancer patients were benefit-
ed of reduced insurance rate regarding cancer treatment, 
which resulted in the near complete and correct registration 
(98.3%) of all cancers in the Korea National Cancer Inci-

dence Database [15].
The International Agency for Research on Cancer classi-

fied NDMA as “probably carcinogenic to humans” owing to 
limited evidence of carcinogenicity in humans and sufficient 
evidence of carcinogenicity in animal studies [16]. NDMA is 
suspected to exert both localized and systemic carcinogenic 
effects due to the induction of DNA-damaging metabolites 
in the liver and gastrointestinal tract [17]. Furthermore, tu-
mors in the gastrointestinal tract, lungs, and liver have been 
observed in animal studies [18]. Gastrointestinal tract tumors 
and uterine cancer (but not prostate cancer) showed possi-
ble association, which were all observed in animal experi-
ment. Among the individual cancer sites evaluated in our 
study, prostate cancer most consistently met the a priori cri-
teria of statistical significance, internal control contrast, and 
dose–response pattern, although causal inference remains 
limited. Although the association between prostate cancer 
and NDMA has not been reported previously, it is possible 
that urinary excretion of the carcinogenic substances cause 
prostate cancer [19]. According to an animal experimen-
tal study, if patients with a body weight of 70 kg and an 
average body surface area take the highest dose of valsar-
tan (320 mg/day) containing the highest observed level of 
NDMA (20.19 μg) over a 6-year period, 126 cases of cancer 

Table 2. Comparison of risks of all-cause and cardiovascular deaths before and after July 7, 2018 in South Korea

PSM Death

All-cause Cardiovascular

Df
Wald 

chi-square
p value Df

Wald 
chi-square

p value

Before H0: βNDMA-contaminated | Jan 1–Jul 6 = βNDMA-contaminated | Jul 7–

Dec 31 & βFinally NDMA-uncontaminated | Jan 1–Jul 6 = βEventually 

NDMA-uncontaminated | Jul 7–Dec 31

2 2.985 0.225 2 1.745 0.418

Contrasts (Jan 1–Jul 6 vs. Jul 7–Dec 31)

H0: βNDMA-contaminated | Jan 1–Jul 6 = βNDMA-contaminated | Jul 7–

Dec 31

1 2.298 0.130 1 0.295 0.587

H0: βFinally NDMA-uncontaminated | Jan 1–Jul 6 = βEventually NDMA-

uncontaminated | Jul 7–Dec 31

1 0.708 0.400 1 1.444 0.230

After 1:1:1 H0: βNDMA-contaminated | Jan 1–Jul 6 = βNDMA-contaminated | Jul 7–

Dec 31 & βFinally NDMA-uncontaminated | Jan 1–Jul 6 = βEventually 

NDMA-uncontaminated | Jul 7–Dec 31

2 2.174 0.337 2 0.000 ≥ 0.999

Contrasts (Jan 1–Jul 6 vs. Jul 7–Dec 31)

H0: βNDMA-contaminated | Jan 1–Jul 6 = βNDMA-contaminated | Jul 7–

Dec 31

1 0.798 0.372 1 0.000 0.998

H0: βFinally NDMA-uncontaminated | Jan 1–Jul 6 = βFinally NDMA-

uncontaminated | Jul 7–Dec 31

1 1.743 0.187 1 0.000 0.999

PSM, propensity score matching; Df, degree of freedom; NDMA, N-nitrosodimethylamine; Jan, January; Jul, July; Dec, December.
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per 100,000 people might occur [20], which is about dou-
ble our overall estimation. The European Medicines Agency 
estimated that there could be one extra case of cancer for 
every 5,000 patients exposed to contaminated valsartan at 
the highest dose [21]. Therefore, it is not surprising that the 
patients with NDMA-contaminated valsartan group showed 
higher cancer incidence in this large-number, long term fol-
low-up data.

The results of this study might be compared with those of 
the French group in many aspects [12]. The subjects of this 
study were about 5 years younger than those in the French 
study and had a higher proportion of patients without a 
history of previous hypertension medication use. However, 
there is a possibility that the proportion of high-risk patients 
(23% of CCI ³ 3) could be higher, and the rates of alco-
hol consumption and smoking were also higher compared 
with those enrolled in French study. In the case of the study 
population, the number of subjects in this study was 3.2 
million, twice the number of the French study’s 1.5 million. 
However, the number of patients in the NDMA-contami-
nated valsartan group was more than twice in the French 
group. This difference is attributed to the relatively small 
price difference between the off‐patent original valsartan 
drug and the generic valsartan in Korea, leading to a higher 
market share for the original valsartan [22]. Regarding the 
duration of follow-up observation, this study was slightly 
longer, but still not considerably long. However, considering 
the distribution period from the market release to the ban-
ning of NDMA-contaminated drugs, it can be considered as 
the maximum duration possible. In the French study, there 
was no difference in the overall cancer risk, whereas in this 
study, the overall cancer risks were higher in both eventually 
NDMA-uncontaminated valsartan and NDMA-contaminat-
ed valsartan groups. There might be several explanations. 
First, the elevated cancer risk observed in the eventually ND-
MA-uncontaminated valsartan group is unlikely to represent 
an effect of NDMA exposure, and may instead reflect re-
sidual confounding related to generic drug selection, which 
could not be fully captured in claims data. Second, the 
overall cancer IR, more exactly detection rate, in this study 
(17.50–20.62 per 1,000 people) was higher than that in the 
French study (12.93–13.09 per 1,000 people) (Supplementa-
ry Table 5). This higher detection rate in Korea might be the 
Korean Cancer Registration Act, increasing insurance cover-
age regarding cancer treatment, which resulted in the near 
complete and correct registration (98.3%) of all cancers in 

the Korea National Cancer Incidence Database [15]. There-
fore, it is possible that these differences in early detection 
rates might detect significant risk that could not be identi-
fied in smaller, more symptomatic cohorts with shorter fol-
low-up. Although the NDMA-contaminated valsartan group 
showed a significantly higher overall cancer risk compared 
with the eventually NDMA-uncontaminated group, part of 
this excess may reflect recall-related surveillance and resid-
ual confounding; nevertheless, the association remained 
statistically significant even under conservative assumptions. 
Indeed, similar finding of abrupt increase in reporting of 
neoplasms associated with valsartan after medication re-
call regardless of NDMA contamination was reported [23]. 
However, our data showed that the overall cancer risk is still 
significantly higher even considering the possible false-pos-
itive rate. Regarding individual cancers, the French study 
showed a higher risk of liver cancer and melanoma, but this 
study did not show a significant increase of them. Melano-
ma is the most common tumor in Western countries, but 
its frequency is very low in East-Asian countries [24], hence 
it was not analyzed in this study’s evaluation of the top 12 
prevalent cancers in Korea. On the other hand, in the case 
of liver cancer, the majority causes are hepatis B (74%) and 
C (9%) viral related, while toxin-related cases are very rare 
in Korea [25]. If NDMA acted as a carcinogenesis enhancer, 
there could make a significantly higher risk in the prevalent 
liver cancer in Korea. However, this study did not find such 
an effect, suggesting that NDMA is more likely to function 
as a direct carcinogen rather than a carcinogenesis enhanc-
ing function. In contrast to the French study, which found 
no difference, this study identified a significant association 
with prostate cancer. While there is no clear reason for this, 
such as ethnic/social differences in the cases of melanoma 
and liver cancer, the higher incidence (early detection) rates 
of these two tumors might contribute to the significant dif-
ferences, otherwise not detected analysis of symptomatic 
patients during the limited 4-year follow-up period cases. 
Despite the several differences between two studies, we 
think that both studies add more value when together than 
alone in that they have confirmed that cancer issue with 
NDMA-contaminated valsartan is not a hypothetical threat, 
but is actually likely to increase cancer incidence.

Prostate cancer is not a frequently studied tumor in ani-
mal experiments, which limits the direct investigation of the 
mechanisms linking NDMA to prostate cancer. However, 
several studies have demonstrated associations between 

www.kjim.org


686 www.kjim.org

The Korean Journal of Internal Medicine Vol. 41, No. 4, July 2026

https://doi.org/10.3904/kjim.2026.023

N-nitroso compounds, including NDMA, and prostate can-
cer. For instance, N-nitroso compounds have been shown 
to possess carcinogenic potential and are implicated in pros-
tate cancer development [26,27]. Taken together with our 
prostate cancer findings, these data support biological plau-
sibility for a potential NDMA-related effect, but the magni-
tude and causal nature of this association require further 
confirmation. These findings suggest that while the specific 
mechanism remains unclear, the potential relationship war-
rants further investigation.

When the results of clinical or basic research are applied 
to the real-world, it is not uncommon to observe an adverse 
effect from well-intentioned health behavior. After an alert 
by the European Medicines Agency and an urgent banning 
announcement by Korean MFDS, there were many patients’ 
complaints and anxieties. Physicians raised concerns that 
adherence to antihypertensive drugs might be reduced by 
immaterial cancer risk, resulting in increased cardiovascular 
events. Indeed, in Canada, immediate increase in emergen-
cy department visits for hypertension and a delayed increase 
and hospitalizations for stroke/transient ischemic attack fol-
lowing the recall [28]. However, the findings of this study 
did not show an increase in all-cause or cardiovascular 
deaths in the NDMA-contaminated or eventually NDMA-un-
contaminated valsartan group, among whom adherence to 
cardiovascular medication might be reduced due to fear 
and distrust. To provide a clearer perspective on alternative 
angiotensin receptor blockers available in Korea and their 
relative usage, we have summarized this information in Sup-
plementary Table 15, highlighting the potential impact of 
the NDMA-related restrictions on the prescription patterns 
during the study period. The valsartan recall incident high-
lights Korea’s excessive number of generic drugs, approved 
through a lenient “co-development and commissioned bio-
equivalence” system. Unlike other countries, this system has 
led to quality control challenges and insufficient regulatory 
oversight, emphasizing the need for stricter approval pro-
cesses and policies ensuring formularies include at least two 
similar class drugs for continuity and safety. Current reg-
ulatory frameworks set NDMA acceptable-intake limits to 
correspond to an excess lifetime cancer risk of ~1 case per 
100,000 exposed individuals. Our modest relative risk eleva-
tion (aHR 1.07–1.17) is directionally compatible with these 
projections but cannot be directly equated with lifetime risk 
given the observational design and finite exposure duration.

Limitations
The current study has several limitations. First, in real-world 
research, there are several confounding factors, which 
makes it difficult to draw a definitive conclusion beyond 
hypotheses generation. However, research evaluating the 
impact of carcinogens, including medications for chronic 
non-communicable diseases, is virtually impossible to con-
duct randomized clinical studies for ethical reasons as well 
as the very small incidence of cancer, demanding long-term 
follow-up of many patients. Therefore, it might be an inherent 
limitation that only observational studies such as this study 
can be conducted. Above all, because regulations on drugs 
containing NDMA have become stricter and the possibility 
of marketability in the future is further reduced, research 
on the clinical significance of NDMA contaminants in the 
antihypertensive drug might be more difficult in the future. 
The unique advantage of this study is the presence of pa-
tients treated with “eventually NDMA-uncontaminated” 
valsartan. Although the overall duration of the suspension 
of this group was only 3 days from July 7 to July 9, 2018, 
the claim amount was continuously decreased, which raised 
the possibility that they showed the same reaction as the 
NDMA-contaminated valsartan group. Therefore, we evalu-
ated the incidence of cancer, cardiovascular death and over-
all death in this group as an internal control group, similar 
to the “placebo” group of clinical trials. We believe that 
the existence of this group could compensate for the many 
limitations of observational research. Second, despite good 
covariates balance after PSM, residual confounding from 
unmeasured factors, including cancer screening behaviors, 
socioeconomic status, selection of generic products by hos-
pital type/region rather than cost, and changes in health-
care utilization following the valsartan recall, cannot be fully 
eliminated. Third, we did not account for treatment switch-
ing/persistence. Although Supplementary Figure 1 shows 
eventually NDMA-uncontaminated valsartan maintained 
substantial post-recall use despite brief suspension and re- 
approval, any switching may alter healthcare utilization/
cancer surveillance, causing non-differential misclassifica-
tion biasing toward null. Fourth, incidental cancer diagnosis 
might have increased due to increased health examinations 
because of health concerns of patients and screening in-
tensity, which may cause surveillance bias. The number of 
health examinations in each group could not be estimated 
because health examinations were not reimbursed by the 
NHIS, thus records were unavailable in the claim data. Al-
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though we adopted an active-comparator new-user design, 
and adjusted for healthcare utilization proxies, differential 
cancer surveillance across exposure groups cannot be ful-
ly excluded. Prostate cancer detection is particularly sus-
ceptible to surveillance bias, as it relies heavily on prostate 
specific antigen (PSA) testing and opportunistic screening 
rather than symptomatic presentation. Following the val-
sartan recall, differential increases in healthcare utiliza-
tion among affected patients may have led to intensified 
prostate cancer screening, disproportionately influencing 
observed IRs in our NDMA-exposed groups. While our ac-
tive-comparator design and adjustment for healthcare uti-
lization proxies mitigate this concern to some extent, we 
interpret prostate cancer findings with additional caution, 
recognizing that differential PSA testing and heightened 
clinical attention post-recall may contribute to the observed 
association beyond any true NDMA effect. However, the in-
cidence of thyroid or breast cancer was not significantly in-
creased in NDMA-contaminated valsartan group, reducing 
the possibility of bias. Fifth, we only evaluated the incidence 
of cardiovascular and all-cause deaths, and other soft end-
points, such as angina, coronary revascularization, nonfatal 
myocardial infarction, or heart failure hospitalization were 
not evaluated. This was because the diagnostic accuracy of 
these soft endpoints based on the claim data only was very 
low. However, we could not exclude the possibility that the 
nonfatal cardiovascular event was actually increased due to 
decreased adherence to medical treatment. Sixth, this study 
did not differentiate between original and generic drugs, 
which may contain different contaminants. Additionally, we 
could not account for other medications or potential sub-
stances within the drugs that may influence the outcomes. 
These factors represent important limitations of our study. 
Finally, our study focused on the relative risk associated with 
higher cumulative doses of NDMA-contaminated valsartan, 
which cannot be directly translated into public health im-
pacts. Precise dose exposure over time may be influenced by 
factors such as prescription adherence and patient behavior. 
Nonetheless, our findings align with biological understand-
ing that cumulative exposure can amplify the carcinogenic 
risk, emphasizing the importance of monitoring cumulative 
exposure in clinical practice.

Conclusion
We demonstrated that the use of NDMA-contaminated 
valsartan products was associated with an increased risk 

of overall cancer, with prostate cancer showing a possible 
unfavorable association. However, there was no evidence 
that all-cause and cardiovascular deaths increased follow-
ing emergent banning of possible NDMA-contaminated 
valsartan products, which support the health policy of the 
emergent action to potentially hazardous drugs. Nonethe-
less, these findings should be interpreted with caution given 
the several limitations and further validations are needed to 
confirm these findings.

KEY MESSAGE
1.	 The use of NDMA-contaminated valsartan prod-

ucts was associated with an increased risk of any 
cancer.

2.	 Findings from the analysis of 12 prevalent cancer 
outcomes suggest a possible unfavorable associ-
ation between exposure to NDMA and prostate 
cancer, regardless of PSM.

3.	There was no evidence that the risks of all-cause 
and cardiovascular deaths increased after emer-
gent banning.
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Supplementary Table 1. Definition of cancers according to 

ICD-10 codes

Code Definition

C00–C96 Any cancer

C67 Bladder

C50 Breast

C18, C19, C20 Colorectal

C23, C24 Gallbladder and etc.

C64 Kidney

C22 Liver

C33, C34 Lung

C25 Pancreatic

C61 Prostate

C16 Stomach

C73 Thyroid

C54, C55 Uterine

ICD-10, International Classification of Diseases, 10th revision.
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Supplementary Table 2. Absolute standardized mean differences after propensity score matching

1:1 matching 1:1:1 matching

NDMA-contaminated 
valsartan vs. original 

valsartan

Eventually NDMA-
uncontaminated 

valsartan vs. original 
valsartan

NDMA-contaminated 
valsartan vs. original 

valsartan

Eventually NDMA-
uncontaminated 

valsartan vs. NDMA-
contaminated valsartan

Age 0.009 0.020 0.003 0.022

Sex 0.000 0.000 0.000 0.000

BMI 0.011 0.019 0.021 0.039

CCI 0.028 0.029 0.000 0.029

Being a prevalent user 0.000 0.000 0.000 0.001

Drinking status 0.010 0.006 0.013 0.019

Smoking status 0.000 0.024 0.024 0.000

Disability 0.033 0.008 0.012 0.003

Level of healthcare provider 0.000 0.036 0.000 0.036

NDMA, N-nitrosodimethylamine; BMI, body mass index; CCI, Charlson comorbidity index.
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Supplementary Table 3. Baseline characteristics of study population after 1:1 propensity score matching

Characteristic
Total 

(n = 333,974)
Original valsartan 

(n = 166,987)

NDMA-contained 
valsartan 

(n = 166,987)
p value

Age (yr) 59.2 ± 11.8 59.2 ± 11.7 59.1 ± 11.8 0.008b)

Sex > 0.999

Male 186,118 (55.7) 93,059 (55.7) 93,059 (55.7)

Female 147,856 (44.3) 73,928 (44.3) 73,928 (44.3)

BMI (kg/m2) 25.2 ± 3.2 25.2 ± 3.1 25.3 ± 3.3 0.002b)

CCI 0.046

0 104,918 (31.4) 52,366 (31.4) 52,552 (31.5)

1 91,772 (27.5) 46,017 (27.6) 45,755 (27.4)

2 60,815 (18.2) 30,149 (18.1) 30,666 (18.4)

≥ 3 76,469 (22.9) 38,455 (23.0) 38,014 (22.8)

Being a prevalent user > 0.999

No 308,628 (92.4) 154,314 (92.4) 154,314 (92.4)

Yes 25,346 (7.6) 12,673 (7.6) 12,673 (7.6)

Drinking status 0.005

No 177,969 (53.3) 88,577 (53.0) 89,392 (53.5)

Yes 156,005 (46.7) 78,410 (47.0) 77,595 (46.5)

Smoking status 0.006

Current 76,836 (23.0) 38,038 (22.8) 38,798 (23.2)

Ever 59,463 (17.8) 29,743 (17.8) 29,720 (17.8)

Never 197,675 (59.2) 99,206 (59.4) 98,469 (59.0)

Disability < 0.001

No 300,461 (90.0) 151,058 (90.5) 15,929 (9.5)

Yes 33,513 (10.0) 149,403 (89.5) 17,584 (10.5)

Level of healthcare provider > 0.999

Tertiary 1,844 (0.6) 922 (0.6) 922 (0.6)

Secondary 51,010 (15.3) 25,505 (15.3) 25,505 (15.3)

Primary 242,030 (72.5) 121,015 (72.5) 121,015 (72.5)

Healthcare center 37,224 (11.2) 18,612 (11.2) 18,612 (11.2)

Othersa) 1,866 (0.6) 933 (0.6) 933 (0.6)

Follow-up duration (yr) 8.0 [0] 4.4 [2.9] < 0.001b)

Values are presented as mean ± standard deviation, number (%), or median [interquartile range].
NDMA, N-nitrosodimethylamine; BMI, body mass index; CCI, Charlson comorbidity index.
a)Others’ healthcare providers included dentistry, psychiatry, and oriental medicine.
b)Welch’s t-test was performed for unequal population variances.
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Supplementary Table 4. Baseline characteristics of study population after 1:1:1 propensity score matching

Characteristic
Total 

(n = 380,973)
Original valsartan 

(n = 126,991)

Eventually NDMA-
uncontaminated 

valsartan 
(n = 126,991)

NDMA-contained 
valsartan 

(n = 126,991)
p value

Age (yr) 57.9 ± 11.8 57.9 ± 11.7 57.7 ± 11.9 58.0 ± 11.8 < 0.001b)

Sex > 0.999

Male 228,288 (59.9) 76,096 (59.9) 76,096 (59.9) 76,096 (59.9)

Female 152,685 (40.1) 50,895 (40.1) 50,895 (40.1) 50,895 (40.1)

BMI (kg/m2) 25.4 ± 3.3 25.4 ± 3.2 25.5 ± 3.4 25.4 ± 3.3 < 0.001b)

CCI 0.187

0 133,761 (35.11) 44,495 (35.0) 44,946 (35.4) 44,320 (34.9)

1 104,516 (27.4) 34,931 (27.5) 34,639 (27.3) 34,946 (27.5)

2 66,106 (17.4) 21,960 (17.3) 22,058 (17.4) 22,088 (17.4)

≥ 3 76,590 (20.1) 25,605 (20.2) 25,348 (20.0) 25,637 (20.2)

Being a prevalent user > 0.999

No 380,892 (99.9) 126,964 (99.9) 126,964 (99.9) 126,964 (99.9)

Yes 81 (0.1) 27 (0.1) 27 (0.1) 27 (0.1)

Drinking status < 0.001

No 188,911 (49.6) 62,813 (49.5) 62,443 (49.2) 63,655 (50.1)

Yes 192,062 (50.4) 64,178 (50.5) 64,548 (50.8) 63,336 (49.9)

Smoking status 0.172

Current 98,508 (25.9) 32,705 (25.8) 33,125 (26.1) 32,678 (25.7)

Ever 71,287 (18.7) 23,778 (18.7) 23,595 (18.6) 23,914 (18.8)

Never 211,178 (55.4) 70,508 (55.5) 70,271 (55.3) 70,399 (55.4)

Disability 0.009

No 343,782 (90.2) 114,850 (90.4) 114,525 (90.2) 114,407 (90.1)

Yes 37,191 (9.8) 12,141 (9.6) 12,466 (9.8) 12,584 (9.9)

Level of healthcare provider 0.177

Tertiary 580 (0.2) 193 (0.2) 194 (0.2) 193 (0.2)

Secondary 52,941 (13.9) 17,541 (13.8) 17,859 (14.1) 17,541 (13.8)

Primary 292,578 (76.8) 97,731 (77.0) 97,116 (76.5) 97,731 (77.0)

Healthcare center 32,295 (8.5) 10,672 (8.4) 10,951 (8.6) 10,672 (8.4)

Othersa) 2,579 (0.7) 854 (0.7) 871 (0.7) 854 (0.7)

Follow-up duration (yr) 8.0 [0] 3.5 [3.4] 4.2 [2.7] < 0.001b)

NDMA, N-nitrosodimethylamine; BMI, body mass index; CCI, Charlson comorbidity index; ANOVA, analysis of variance.
a)Others’ healthcare providers included dentistry, psychiatry, and oriental medicine.
b)Welch’s ANOVA was performed for unequal population variances.
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Supplementary Table 5. The number of any cancer and each organ-specific cancer among valsartan new users before and 

after PSM

Cancer PSM

Before After 1:1:1 matching

Original 
(n = 1,726,619)

Eventually NDMA-
uncontaminated 

(n = 392,548)

NDMA-
contaminated 
(n = 461,599)

Original 
(n = 126,964)

Eventually NDMA-
uncontaminated 

(n = 126,964)

NDMA-
contaminated 
(n = 126,964)

Any cancer Event 258,328 50,956 65,571 18,625 17,265 18,480

Absolute risk 0.150 0.130 0.142 - - -

IR (95% CI)a) 20.62 (20.54–20.70) 17.50 (17.35–17.65) 19.43 (19.28–19.58) 19.91 (19.63-20.20) 18.27 (18.00-18.54) 19.73 (19.44-20.01)

Bladder Event 11,264 2,075 2,721 798 739 795

Absolute risk 0.007 0.005 0.006 - - -

IR (95% CI)a) 0.84 (0.83–0.86) 0.67 (0.65–0.70) 0.76 (0.73–0.79) 0.80 (0.75-0.86) 0.74 (0.69-0.79) 0.80 (0.74-0.85)

Breast Event 9,269 1,697 2,119 573 540 535

Absolute risk 0.012 0.010 0.010 - - -

IR (95% CI)a) 1.51 (1.48–1.54) 1.26 (1.20–1.32) 1.24 (1.19–1.29) 1.44 (1.32-1.56) 1.35 (1.24-1.47) 1.34 (1.23-1.46)

Colorectal Event 29,424 6,210 7,958 2,044 1,996 2,115

Absolute risk 0.017 0.016 0.017 - - -

IR (95% CI)a) 2.21 (2.19–2.24) 2.03 (1.98–2.08) 2.23 (2.18–2.28) 2.06 (1.97-2.15) 2.00 (1.92-2.09) 2.13 (2.04-2.22)

Gallbladder and etc. Event 6,078 1,222 1,587 462 383 368

Absolute risk 0.004 0.003 0.003 - - -

IR (95% CI)a) 0.45 (0.44–0.47) 0.40 (0.38–0.42) 0.44 (0.42–0.46) 0.46 (0.42-0.51) 0.38 (0.34-0.42) 0.37 (0.33-0.41)

Kidney Event 5,830 1,104 1,402 406 386 403

Absolute risk 0.003 0.003 0.003 - - -

IR (95% CI)a) 0.44 (0.42–0.45) 0.36 (0.34–0.38) 0.39 (0.37–0.41) 0.41 (0.37-0.45) 0.39 (0.35-0.43) 0.40 (0.37-0.44)

Liver Event 34,582 7,084 8,419 2,507 2,394 2,340

Absolute risk 0.020 0.018 0.018 - - -

IR (95% CI)a) 2.60 (2.58–2.63) 2.32 (2.26–2.37) 2.36 (2.31–2.41) 2.53 (2.43-2.63) 2.41 (2.31-2.50) 2.36 (2.27-2.46)

Lung Event 24,127 4,560 6,114 1,670 1,453 1,629

Absolute risk 0.014 0.012 0.013 - - -

IR (95% CI)a) 1.81 (1.79–1.83) 1.49 (1.44–1.53) 1.71 (1.67–1.75) 1.68 (1.60-1.76) 1.45 (1.38-1.53) 1.64 (1.56-1.72)

Pancreatic Event 18,641 3,659 4,944 1,378 1,276 1,467

Absolute risk 0.011 0.009 0.011 - - -

IR (95% CI)a) 1.40 (1.38–1.42) 1.19 (1.15–1.23) 1.38 (1.34–1.42) 1.38 (1.31-1.46) 1.28 (1.21-1.35) 1.47 (1.40-1.55)

Prostate Event 46,423 9,351 12,271 3,928 3,568 4,033

Absolute risk 0.050 0.042 0.051 - - -

IR (95% CI)a) 6.58 (6.52–6.64) 5.51 (5.40–5.62) 6.71 (6.59–6.83) 6.72 (6.51-6.93) 6.06 (5.87-6.27) 6.90 (6.69-7.12)

Stomach Event 20,212 4,155 5,475 1,515 1,384 1,515

Absolute risk 0.012 0.011 0.012 - - -

IR (95% CI)a) 1.52 (1.50–1.54) 1.35 (1.31–1.40) 1.53 (1.49–1.57) 1.52 (1.45-1.60) 1.39 (1.31-1.46) 1.52 (1.45-1.60)

Thyroid Event 16,554 3,221 4,003 1,204 1,170 1,208

Absolute risk 0.010 0.008 0.009 - - -

IR (95% CI)a) 1.24 (1.22–1.26) 1.05 (1.01–1.09) 1.12 (1.08–1.15) 1.21 (1.14-1.28) 1.17 (1.10-1.24) 1.21 (1.15-1.28)

Uterine Event 3,262 663 828 195 203 192

Absolute risk 0.004 0.004 0.004 - - -

IR (95% CI)a) 0.53 (0.51–0.55) 0.49 (0.46–0.53) 0.48 (0.45–0.52) 0.49 (0.42–0.56) 0.50 (0.44–0.58) 0.48 (0.41–0.55)

PSM, propensity score matching; NDMA, N-Nitrosodimethylamine; IR, incidence rate; CI, confidence interval.
a)Incidence rate per 1,000 person-years is calculated for each valsartan group and clinical outcome.
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Supplementary Table 9. Subgroup analyses in patients with prostate cancer in valsartan new users according to age

Age (yr)
Eventually NDMA-unexposed NDMA-exposed Age NDMA interaction term

aHR (95% CI) aHR (95% CI) Wald χ2 p value

Before PSM ≤ 65 0.979 (0.929–1.032) 1.110 (1.063–1.160) 2.080 0.353

> 65 1.076 (1.011–1.145) 1.166 (1.108–1.226)

1:1 PSM ≤ 65 - 1.124 (1.031–1.226) 0.310 0.578

> 65 - 1.162 (1.044–1.293)

1:1:1 PSM ≤ 65 1.065 (0.960–1.181) 1.176 (1.070–1.294) 0.433 0.805

> 65 1.037 (0.904–1.190) 1.208 (1.068–1.368)

NDMA, N-nitrosodimethylamine; aHR, adjusted hazard ratio; CI, confidence interval; PSM, propensity score matching.
This analysis was performed excluding patients with events with 2 years after the first observed valsartan prescription.
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Supplementary Table 10. The risks of any cancer and prostate cancer in valsartan new users excluding patients with any 

cancer during the first year of follow-up

PSM Cancer
All cancer Prostate cancera)

Event aHR (95% CI) p value Event aHR (95% CI) p value

Before PSMb) NDMA-unexposed 86,363 1.000 - 15,521 1.000 -

Eventually NDMA-
unexposed

15,902 1.049 (1.031–1.067) < 0.001 2,855 1.019 (0.979–1.060) 0.364

NDMA-exposed 24,828 1.069 (1.054–1.085) < 0.001 4,638 1.132 (1.095–1.170) < 0.001

1:1 PSMc) NDMA-unexposed 7,705 1.000 - 1,703 1.000 -

NDMA-exposed 7,869 1.146 (1.110–1.183) < 0.001 1,714 1.125 (1.051–1.204) < 0.001

1:1:1 PSMc) NDMA-unexposed 5,565 1.000 - 1,342 1.000 -

Eventually NDMA-
unexposed

4,315 1.138 (1.093–1.184) < 0.001 950 1.038 (0.954–1.129) 0.386

NDMA-exposed 5,684 1.172 (1.128–1.216) < 0.001 1,374 1.168 (1.082–1.261) < 0.001

PSM, propensity score matching; aHR, adjusted hazard ratio; CI, confidence interval; NDMA, N-nitrosodimethylamine.
This analysis was performed excluding patients with events with 2 years after the first observed valsartan prescription.
a)All analyses for prostate cancer were performed limited to men.
b)All hazard ratios before PSM were adjusted for age, sex, Charlson comorbidity index, and the year of the first observed valsartan 
prescription.
c)All hazard ratios after PSM were adjusted for age, sex, and the year of the first observed valsartan prescription.
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Supplementary Table 11. The risks of any cancer and prostate cancer in valsartan new users excluding patients with any 

cancer during the first year of follow-up according to NDMA-contaminated valsartan doses

PSM
All cancer Prostate cancera)

Event aHR (95% CI) p value Event aHR (95% CI) p value

Before PSMb) NDMA-unexposed (mg) 86,363 1.000 - 15,521 1.000 -

< 10,800 7,333 1.049 (1.024–1.074) < 0.001 1,336 1.096 (1.036–1.159) 0.001

10,800–40,760 7,206 1.018 (0.994–1.043) 0.148 1,365 1.101 (1.041–1.164) < 0.001

40,800–525,120 10,289 1.063 (1.041–1.085) < 0.001 1,937 1.121 (1.069–1.176) < 0.001

1:1 PSMc) NDMA-unexposed (mg) 7,705 1.000 - 1,703 1.000 -

< 10,800 2,273 1.135 (1.083–1.190) < 0.001 484 1.105 (0.998–1.223) 0.054

10,800–40,760 2,229 1.067 (1.018–1.120) 0.007 482 1.038 (0.937–1.150) 0.474

40,800–525,120 3,367 1.150 (1.104–1.198) < 0.001 748 1.142 (1.046–1.246) 0.003

1:1:1 PSMc) NDMA-unexposed (mg) 6,207 1.000 - 1,412 1.000 -

< 10,800 1,818 1.133 (1.075–1.194) < 0.001 397 1.094 (0.978–1.224) 0.114

10,800–40,760 1,791 1.061 (1.006–1.119) 0.028 410 1.058 (0.947–1.183) 0.317

40,800–525,120 2,744 1.153 (1.101–1.207) < 0.001 642 1.164 (1.059–1.280) 0.002

NDMA, N-nitrosodimethylamine; PSM, propensity score matching; aHR, adjusted hazard ratio; CI, confidence interval.
This analysis was performed excluding patients with events with 2 years after the first observed valsartan prescription.
a)All analyses for prostate cancer were performed limited to men.
b)All hazard ratios before PSM were adjusted for age, sex, Charlson comorbidity index, and the year of the first observed valsartan 
prescription.
c)All hazard ratios after PSM were adjusted for age, sex, and the year of the first observed valsartan prescription.
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Supplementary Table 12. The risks of any cancer and prostate cancer in valsartan new users observed since 2015

PSM Cancer
All cancer Prostate cancera)

Event aHR (95% CI) p value Event aHR (95% CI) p value

Before PSMb) NDMA-unexposed 37,103 1.000 - 6,537 1.000 -

Eventually NDMA-
unexposed

8,474 1.015 (0.992–1.040) 0.206 1,505 1.016 (0.960–1.074) 0.586

NDMA-exposed 13,356 1.045 (1.025–1.066) < 0.001 2,438 1.115 (1.064–1.168) < 0.001

1:1 PSMc) NDMA-unexposed 2,278 1.000 - 520 1.000 -

NDMA-exposed 2,807 1.143 (1.081–1.208) < 0.001 591 1.052 (0.934–1.185) 0.401

1:1:1 PSMc) NDMA-unexposed 1,286 1.000 - 318 1.000 -

Eventually NDMA-
unexposed

1,146 1.150 (1.062–1.246) < 0.001 264 1.070 (0.909–1.261) 0.416

NDMA-exposed 1,644 1.216 (1.129–1.309) < 0.001 377 1.115 (0.959–1.297) 0.156

PSM, propensity score matching; aHR, adjusted hazard ratio; CI, confidence interval; NDMA, N-nitrosodimethylamine.
This analysis was performed excluding patients with events with 2 years after the first observed valsartan prescription.
a)All analyses for prostate cancer were performed limited to men.
b)All hazard ratios before PSM were adjusted for age, sex, Charlson comorbidity index, and the year of the first observed valsartan 
prescription.
c)All hazard ratios after PSM were adjusted for age, sex, and the year of the first observed valsartan prescription.
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Supplementary Table 13. The risks of any cancer and prostate cancer in valsartan new user observed since 2015 according 

to NDMA-contaminated valsartan doses

PSM
All cancer Prostate cancera)

Event aHR (95% CI) p value Event aHR (95% CI) p value

Before PSMb) NDMA-unexposed (mg) 37,103 1.000 - 6,537 1.000 -

< 10,800 4,120 1.056 (1.029–1.083) < 0.001 712 1.108 (1.026–1.198) 0.009

10,800–40,760 4,146 1.106 (1.079–1.134) < 0.001 775 1.116 (1.036–1.204) 0.004

40,800–525,120 5,090 0.985 (0.959–1.011) 0.247 951 1.076 (1.005–1.152) 0.036

1:1 PSMc) NDMA-unexposed (mg) 2,278 1.000 - 520 1.000 -

< 10,800 890 1.237 (1.145–1.337) < 0.001 176 1.089 (0.918–1.293) 0.327

10,800–40,760 836 1.068 (0.985–1.158) 0.111 185 1.014 (0.855–1.203) 0.871

40,800–525,120 1,081 1.091 (1.014–1.174) 0.020 230 1.021 (0.872–1.195) 0.800

1:1:1 PSMc) NDMA-unexposed (mg) 1,832 1.000 - 435 1.000 -

< 10,800 716 1.233 (1.131–1.345) < 0.001 152 1.116 (0.927–1.343) 0.245

10,800–40,760 679 1.065 (0.973–1.164) 0.171 154 1.004 (0.833–1.210) 0.966

40,800–525,120 896 1.119 (1.032–1.214) 0.007 198 1.031 (0.870–1.223) 0.723

NDMA, N-nitrosodimethylamine; aHR, adjusted hazard ratio; CI, confidence interval; PSM, propensity score matching.
This analysis was performed excluding patients with events with 2 years after the first observed valsartan prescription.
a)All analyses for prostate cancer were performed limited to men.
b)All hazard ratios before PSM were adjusted for age, sex, Charlson comorbidity index, and the year of the first observed valsartan 
prescription.
c)All hazard ratios after PSM were adjusted for age, sex, and the year of the first observed valsartan prescription.
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Supplementary Table 15. Tables of angiotensin receptor blockers available in Korea

Name of angiotensin receptor blocker Initial daily dose (mg) Target dose in clinical trials (mg) No. of doses per day

Candesartan 4 12–32 1

Eprosartan 300 600 1

Losartan 50 100 1–2

Valsartan 40–80 160–320 1

Irbesartan 75 300 1

Telmisartan 20–40 40–120 1

Fimasartan 20–60 60–120 1

Azilsartan 10–20 20–40 1

www.kjim.org

