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Figure adapted from FDA https://healthpolicy.duke.edu/sites/default/files/2023-03/NegativeControlWorkshopSlideDeck.pdf

Principles adapted from ROBINS-I domains doi: https://doi.org/10.1136/bmj.i4919 
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Strategies to address error

Design phase

• Self-controlled case-only designs

• Instrumental variables

• Difference-in-difference

• Negative controls

Analysis phase

• Propensity scores

• Sensitivity analyses

• Quantitative bias analysis

• Negative controls? 
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Principles adapted from FDA https://healthpolicy.duke.edu/sites/default/files/2023-03/NegativeControlWorkshopSlideDeck.pdf 

and https://www.encepp.eu/standards_and_guidances/methodologicalGuide.shtml
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Negative controls

Negative control exposures (NCE, Z)

• A variable that is not causally related to outcome (Z does not cause Y)

Negative control outcomes (NCO, W)

• A variable that is not causally related to exposure (A does not cause W)

NCs identify unmeasured confounding (U) under the assumption all 

measured confounding (C) has been accounted for 

NCs identify bias under the assumption they have similar underlying 

bias structure as the primary exposure-outcome association

3

UY=UW?
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State of use of negative controls in pharmacoepidemiology

Systematic review including 184 papers up to Sep 2020 (Zafari et al. 2023)

• Cohort study 62.5%, case-control study 6.5%, self-controlled case series 4.9%

• Administrative data 62%, EHRs 33.2%

• NCO 49.5%, NCE 29.3%, NCO+NCE 18.5%

• Justification: unmeasured confounding 50.5%

doi.org/10.1093/aje/kwad201 4
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State of use of negative controls in pharmacoepidemiology

5

Utility of 

negative 

controls1 Detection of bias 

& unmeasured 

confounding
4 Assess performance of 

different PE methods

2 Correction of bias 3 Calibration of p-value

Identified in doi.org/10.1093/aje/kwad201 
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Utility of Negative Controls

Detection of bias

Reject a null hypothesis if 

association was 

significant given a type I 

error of 5% (p<0.05)

Direction of the point 

estimate irrespective of 

statistical significance

Correct/reduce bias

Difference in difference 

method

Parametric empirical null 

distribution of bias 

method (multiple NCs)

Semiparametric/non-

parametric models with 

multiply robust 

estimators (double NCs)

P-value calibration

Empirical calibration 

methods used for p-value 

calibration to correct for 

the type I error (multiple 

NCs)

Account for both random 

and systematic error

Assess performance 

of PE methods

NCs act as reference 

standard with known 

drug reactions

Early applications to 

signal detection 

methods

Identified in doi.org/10.1093/aje/kwad201 



Classified as internal/staff & contractors by the European Medicines Agency 

Examples

Detection of bias

Nested case control study examining the association between FQ and co-amoxiclav (NCE) with tendon rupture

https://doi.org/10.1007/s40261-018-0729-y

7
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Examples

Correction of bias 

Re-analysis of two randomized, Phase III, placebo-

controlled, multicenter clinical trials of RV1 and RV5 to 

understand vaccine dose timing and severe rotavirus 

gastroenteritis incidence

Placebo arms used as a negative control to adjust for both 

confounding/administrative censoring

Estimates calibrated RDs (difference in difference) RRs 

(ratio of ratios)

8
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doi: 10.1097/EDE.0000000000000909.
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Strategies to validate negative control assumptions

Lack of causality

1. Logically implausible association 

2. Clinically implausible association 

3. No previous evidence of causality

Published literature/drug product labels

Spontaneous reporting systems

Expert opinion

10

Shared bias structure

1. Compare distributions of measured 

covariates/confounders 

2. Account for different distributions of 

covariates/confounders

Example: study examining antihypertensive 

medication adherence and injurious falls re-weighted 

NCE samples with IPTW to adjust for different 

covariate distributions. doi:10.1136/bmjopen-2018-022927
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Other perspectives: Double negative controls and DANCE

Proximal causal inference framework 

• Assumption depends on accurately measuring covariates that may be imperfect proxies of confounders

• Leverage proxies to adjust for suspected unmeasured confounding

DNC combines information from NCE and an NCO nonparametrically to account for unmeasured confounders

Example use of DNCs in a test-negative design to evaluate vaccine effectiveness

11

Li 2023: DOI:10.1080/01621459.2023.2220935 NCE=immunization visits before December 2020

NCO=having >=1 of the following conditions after April 5, 2021: arm/leg cellulitis, eye/ear disorder, 

gastroesophageal, disease, atopic dermatitis, injuries, and general adult examination visits.
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Other perspectives: Double negative controls and DANCE

Proximal causal inference framework 

• Assumption depends on accurately measuring covariates that may be imperfect proxies of confounders

• Leverage proxies to adjust for suspected unmeasured confounding

DNC combines information from NCE and an NCO to account for unmeasured confounders nonparametrically

Data-driven Automated Negative Control Estimation (DANCE)

• Data-driven method to potentially identify “disconnected” negative controls (DNC)

• Applies statistical test to validate whether NC meet assumptions for causal inference 

• Estimate causal effect of treatment-outcome relationship

12

Kummerfeld 2022: arXiv:2210.00528
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Considerations

No standardized guidance

13
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Negative controls at scale
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Conceptual model for negative controls

U

C

A YZ W

XX

Some add: Shares exact same unmeasured confounding U, while assuming 
perfect control over measured confounders C

Negative control: an exposure-outcome pair with a priori no causal relationship

We typically define negative controls relative to a causal question of interest (e.g. 
‘does exposure A cause outcome Y’?):

• Negative exposure control: Z does not cause Y

• Negative outcome control: A does not cause W

Will discuss an approach to find error 
due to confounding, whether it was 

explicitly adjusted for or not
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One vs many negative control experiments

• Confounding structure is largely unknown and complex
o Any two experts will disagree, and both will likely miss important confounders

o Seldom powered to measure it (outcome often too rare) (e.g. unlikely that 
DANCE will work)

• Unlikely that such a perfect negative control exists (my opinion)

If identical (unmeasured) confounding known: USE IT!

But there is a whole universe 
(population) of potential 
negative controls out there ….
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Baseline characteristics (candidate confounders) in 
observational healthcare data

Conditions Drugs Procedures Measurements
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Not all baseline characteristics are measured in all 
data sources

Conditions Drugs Procedures Measurements
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Unmeasured features vary by database:

Not reported, signs/symptoms, over-the-counter 
medications, laboratory measures

• Most source have unmeasured features that are desired for any 
given study

• Measured features often total >10,000s in claims or EHR sources
• Many unmeasured features are indirectly measured if correlated 

with other measured features
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Confounders are baseline characteristics associated 
with exposure and outcome

Conditions Drugs Procedures Measurements
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C: Observed Confounders for Treatment A → Outcome Y

U: Unobserved Confounders for Treatment A → Outcome 
Y

U

C

A Y

Treatment A → Outcome 
Y:

← really large DAG (but for simplicity shown with single U and 
C)
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Desired exchangeability of confounding with negative 
controls
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U

C

A Y

Treatment A → Outcome Y:

U

C

A Y

Negative control exposure Z → Outcome Y
OR
Treatment A → Negative control outcome W
OR
Negative control exposure Z → Negative control outcome W Z

X

W

X

Unlikely to find 
at scale!
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Relaxing assumption about confounding structure, 
we can still learn about the reliability of a study

Treatment A → Outcome Y:

U

C

A Y

What if negative control has no confounding? U

C

A YZ

X
W

X

If a method produces a biased estimate in this 
case, would not one be concerned about the 
target estimate? 

What if negative control has more confounding? If a method produces an unbiased estimate in 
this case, would not one be reassured about 
the target estimate? 

U

C

A YZ

X
W

X

V

D
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Value of using a large set of negative controls:  
confounding structure is unknown and can vary

Treatment A → Outcome Y:

U

C

A Y

Negative control exposure Z → Outcome Y OR Treatment A → Negative control outcome W:

NC1

NC2

NC3

NC4

NC5

NCn

…

A YZ

X
W

X

Estimated bias across a range of confounding 
structures characterizes the residual systematic 

error distribution expected for a study
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Negative controls in a comparative cohort study

• If neither target nor comparator causes the outcome, the 
hazard ratio / incidence rate ratio / odds ratio should be 1

• Select 50-100 negative control outcomes per study

• OHDSI Common Evidence Model (CEM, in ATLAS) can help, 
using information from

– Product labels

– Scientific literature

– Spontaneous reporting

Relatively easy when not requiring 
identical confounding
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Some uses of (many) negative control experiments

• Guide study design decisions
– for both methods development and in practice

• Provide diagnostics to improve study 
reliability
– no observed error is reassuring
– large bias questions design, potentially stops 

analyses and keeps results blinded

• Help control for residual systematic error
– empirical calibration (frequentist)
– adaptive bias control (Bayesian)
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Guiding study design decisions

Should one trust a method that shows consistent 
bias on a large set of negative controls?

(even if confounding might not be the same)

Evaluating vaccine safety surveillance 
designs (in large EHR):

• Historical (rate) comparator
• Self-controlled case series



Classified as internal/staff & contractors by the European Medicines Agency 

Quantifying systematic error as a diagnostic

• One negative control 
estimate: unknown 
uncertainty

• Many negative controls: 
estimate of systematic 
error distribution: 
spread of estimates not 
explained by random 
error alone
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Quantifying systematic error as a diagnostic

Expected absolute 
systematic error (EASE) 

summarizes this 
distribution

Use a pre-specified EASE 
threshold (EASE < 0.25) for 

go/no-go decisions for studies
EASE = 0.49 (0.39-0.62) EASE = 0.04 (0.01-0.11)

Can compute a credible interval 
for EASE that is driven by 
- # of negative controls
- power per negative control
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Empirical calibration

The systematic error distribution can be integrated in / used to help 
return nominal operating characteristics (like Type 1 Error rate) for

• p-values

• confidence intervals

• MaxSPRT critical values

29

Empirical calibration had 
larger effect than MaxSPRT 

in restoring Type 1 Error



Classified as internal/staff & contractors by the European Medicines Agency 

To calibrate or not to calibrate?

Large systematic error: 
restoring Type 1 Error 
costs increased Type 2 
Error

No systematic error: no 
Type 2 Error loss

30

• Pros: Favorable balance of Type 1 / 2 Error trade-off
– claiming (& believing) 𝛼 = 0.05 but in fact 𝛼 ≫  0.05 is not best practice

• Cons: confidence interval calibration based on synthetic controls

Strong advice: use negative controls as pre-specified go/no-go diagnostics for any study
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Questions?
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