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[bookmark: _Toc79662731][bookmark: _Toc182493479]Table S1. Operational definitions of covariates used in analysis for the Vaccine Safety Datalink, January 2018 - December 2019.
	Covariate 
	Operational Definitions a
	Medical Setting
	Pre-vaccination Interval

	Hyperlipidemia
	ICD-10: E78
	IP, ED/UC, OP
	1-365 days prior to index date

	Hypertension
	ICD-10: I10
	IP, ED/UC, OP
	1-365 days prior to index date

	Diabetes
	ICD-10: E08, E10, E11
	IP, ED/UC, OP
	1-365 days prior to index date

	Ischemic Heart 
Condition
	ICD-10: I20, I21, I22, I23, I24, I25, I63, I61.9, G45
	IP, ED/UC, OP
	1-365 days prior to index date

	Receipt of Influenza Vaccine
	CVX: 151, 135, 153, 171, 186, 158, 150, 161, 166, 111, 149, 155, 185, 141, 140, 144, 15, 168, 88, 16
	IP, ED/UC, OP
	1-365 days prior to index date

	Receipt of ZVL
	CVX: 121
	IP, ED/UC, OP
	

	Optometry/ Ophthalmology Visit
	Department: OPH, OPT
	IP, ED/UC, OP
	1-365 days prior to index date

	Dermatology Visit
	Department: DRM
	IP, ED/UC, OP
	1-365 days prior to index date


a 3-digit ICD-10 codes (e.g., 345) included those that started with those 3 digits and contained any additional 4th or 5th digits (e.g., 345.11); 4-digit ICD-10 codes included those that started with those 4 digits and had any 5th digit.
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	Negative Control Variable
	Operational Definitions
	Medical Setting
	Pre/Post-vaccination
Interval (days)b

	Negative Control Exposure

	Influenza Vaccine
	CVX: 151, 135, 153, 171, 186, 158, 150, 161, 166, 111, 149, 155, 185, 141, 140, 144, 15, 168, 88, 16
	IP, ED/UC, OP
	1-365 days prior to index date

	Zostavax
	CVX: 121
	IP, ED/UC, OP
	1-365 days prior to index date

	OPT/OPH Visit
	Department: OPH, OPT
	IP, ED/UC, OP
	1-365 days prior to index date

	Dermatology visit
	Department: DRM
	IP, ED/UC, OP
	1-365 days prior to index date

	Glaucoma
	ICD10: H40
	Outpatient
	1-365 days prior to index date

	Colon Cancer Screening
	ICD10: Z12.11
	Outpatient
	1-365 days prior to index date

	Impacted Cerumen
	ICD10: H61.2
	Outpatient
	1-365 days prior to index date

	Eyelid Disorders
	ICD10: H00, H01.0
	Outpatient
	1-365 days prior to index date

	Cataract
	ICD10: H25
	Outpatient
	1-365 days prior to index date

	Lipoma
	ICD10: D17
	Outpatient
	1-365 days prior to index date

	Ingrowing nail
	ICD10: L60.0
	Outpatient
	1-365 days prior to index date

	Negative Control Outcome

	Hip fracture
	ICD10: S72.0, S72.1, S72.2

	IP, ED/UC, OP
	1-42 days after index date

	Wrist fracture
	ICD10: S62.0, S52.1

	IP, ED/UC, OP
	1-42 days after index date

	Epistaxis
	ICD10: R04.0

	IP, ED/UC, OP
	1-42 days after index date

	Leg Cellulitis
	ICD10: L031.15, L03.116

	IP, ED/UC, OP
	1-42 days after index date


a 3-digit ICD-10 codes (e.g., 345) included those that started with those 3 digits and contained any additional 4th or 5th digits (e.g., 345.11); 4-digit ICD-10 codes included those that started with those 4 digits and had any 5th digit.
b Index date refers to the date of the indexed RZV vaccination or well-visit.




[bookmark: _Toc79662766]

[bookmark: _Toc182493481]Appendix S2. Key Assumptions for the double negative control method
Assumption 1 (Consistency):  when  for . The intervention does not change how the exposure may affect the outcome. If researchers assign a given treatment group , the outcome Y(x) will be the same as if the treatment group is assigned by nature. 
 
Assumption 2 (Latent ignorability): X[image: Icon

Description automatically generated]Y (x) | U, C. Causal inference in observational studies often relies on the assumption of ignorability, which states that X[image: Icon

Description automatically generated]Y (x) | C, where C describes the measured covariates. In a properly randomized clinical trial, the treatment allocation mechanism is independent of the counterfactual outcomes. However, this is often not the case in an observational study. For example, if the treatment is allocated more frequently to early-stage cancer patients than later-stage cancer patients, the treatment allocation mechanism would no longer be independent of counterfactual survival. The ignorability assumption does not allow for unmeasured common causes (U). Here, we rely on the assumption of latent ignorability, instead of the assumption of ignorability to establish causation, allowing for the existence of unmeasured common causes. 

 Assumption 3 (Negative control outcome): W(x, z) = W and W[image: Icon

Description automatically generated]X | U, C. 
a. When unmeasured and measured confounders (U,C) are accounted for, there is no remaining common cause between the negative control outcome (W) and the target exposure (X). 
b. There is no causal effect of the exposure of interest and negative control exposure (Z) on the negative control outcome given the unmeasured and measured confounders.
c. An exposure (e.g., drug treatment) may be used as a negative control outcome so long as it satisfies the above criteria. 
 
Assumption 4 (Negative control exposure): Y (x, z) = Y (x) and Z[image: Icon

Description automatically generated](Y (x), W) | U, C. 
a. When unmeasured and measured confounders (U, C) are accounted for, there is no remaining common cause between the negative control exposure (Z) and the target outcome (Y) or between the negative control exposure and the negative control outcome (W).
b. There is no causal effect of the negative control exposure on the target outcome given the target exposure and the unmeasured and measured confounders.
c. An outcome may be used as a negative control exposure so long as it satisfies the above criteria. 
 
Assumption 5 (Positivity): all participants could potentially be assigned to each treatment group. This assumption would not hold true if, for example, there was a high risk and a low risk treatment, and no participant with mild symptoms would ever be assigned to the high risk treatment. 0 < Pr(X=x, Z=z | C) < 1 for all x, z. 
 
Assumption 6 (Completeness)a:
a. For any square integrable function g, if E[g(U)|W = w, X= x, C=c] = 0 for almost all w, x, then g(U) = 0. This assumption roughly claims that the variation in U can be explained away with that in W after conditioning on X and C, which motivates selection NCO that is sufficiently informative about the underlying confounding mechanism.
b. For any square integrable function g, if E[g(U)|Z = z, X= x, C=c] = 0 for almost all z, x, then g(U) = 0. Similarly, this assumption roughly claims that the variation in U can be explained away with that in Z after conditioning on X and C, which motivates selection NCE that is sufficiently informative about the underlying confounding mechanism.
c. For any square integrable function g, if E[g(W)|Z = z, X = x, C=c] = 0 for almost all z, x, and c, then g(W) = 0. 

Assumption 6 aims to ensure that the underlying unmeasured confounding mechanism in E[Y | X, U,C] can be identified using Z and W.  For example, suppose W is a categorical variable with  categories, , Z is a categorical variable with  categories, , and U is a categorical variable with  categories, . Assumptions 6 (a), (b) and (c) respectively require that the matrices
,


and

both have full column ranks for every X and C.

Remark 1: Assumption 6 (a) and (c) are sufficient conditions for Assumption 6 (b). We note that Assumptions 6 (a) and (b) respectively require W[image: Icon

Description automatically generated]U | X,C and Z[image: Icon

Description automatically generated]U | X,C. These completeness conditions formalize that both Z and W should be U-relevant. 
Remark 2: Under Assumptions 6 (a) and (b), the counterfactual probability  can be identified. This can be seen from Appendix D below, where the matrix

is required to have full row rank and the matrix

is required to have full column rank. The former holds under Assumption 6 (b). The latter holds under Assumptions 6 (a) and (b) due to the fact that

Due to the non-uniqueness of left-inverse, there may exist many possible estimators that are unbiased in large samples. If Assumption 6 (c) further holds, than the matrix 
is an invertible square matrix, and the estimator is uniquely defined.  
Remark 3: Although an IV must be independent of unmeasured confounders, X is a collider between an IV and U. Conditioning on the collider will create collider bias such that the IV and U become conditionally dependent, thus meeting the conditions for Z. Therefore, a valid IV is a special case, meeting the criteria for an NCE even though Z is not associated with U. Causal effects can be estimated using an IV, an NCO, and double negative control methodology.  
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[bookmark: _Toc182493483]Appendix S3.1. A data driven approach to select U-relevant negative control variable pair
    Let X, Y, and C denote primary exposure (RZV or well-visit), outcome (e.g., stroke), and a vector of observed covariates (e.g., age and gender), respectively. Let Z, W, and U denote negative control exposure (e.g., dermatology visit), negative control outcome (e.g., hip fracture), and unmeasured confounder (i.e., healthcare-seeking behavior), respectively. Throughout, Z will be used interchangeably with NCE and W will be used interchangeably with NCO.
    In Figure 1, we outlined our approach to determine double negative controls for each of the four safety outcomes of interest. Mathematical assumptions underlying this process are described in1–3 and in Appendix S2. A wide range of potential negative control variables were initially chosen based on a combination of literature review and subject matter expert knowledge. Potential NCOs were associated with healthcare-seeking behavior given the measured confounders but were not plausibly caused by either the treatment of interest (RZV) or by the NCE. Potential NCEs were associated with healthcare-seeking behavior given the measured confounders and the treatment of interest but were not causally related to any of the four target outcomes. 
NCEs collected for potential use in this analysis were: receipt of influenza vaccine4, prior history of ZVL5, dermatology visit5, optometry/ophthalmology visit5, colon cancer screening4,6, cataract7,8, lipomas7–9, glaucoma4, ingrown nail7–9, eyelid disorders7,8, and impacted cerumen9. Other than receipt of ZVL, all potential NCEs were collected in the year prior to the index RZV vaccination or well-visit date. Prior history of ZVL was defined as any prior record of ZVL vaccination on or before the index RZV vaccination or well-visit date. NCOs collected for potential use in this analysis were: hip fracture7,8,10,11, wrist fracture7–9, epistaxis7,8, and leg cellulitis9. All potential NCOs were collected in the 42 days after the index RZV vaccination or well-visit date.
    Once potential negative controls were identified, they were operationally defined using electronic health record data, assessed for usability within the dataset, and then reduced to a usable set. First, the frequency of each NCO and NCE was calculated in the study cohort. Potential NCEs that were exceedingly rare relative to RZV (which was present in 25.8% of participants) were eliminated as potential NCEs. Potential NCOs that were exceedingly rare relative to the four outcomes of interest (whose frequencies ranged from 0.044% to 0.26%) were eliminated as potential NCOs. Next, each potential double negative control was evaluated in a series of steps to ensure that it provided sufficient information about the unmeasured confounding in the dataset. First, the statistical significance of Z in E[W | X, C, Z] was calculated to check whether Z and W were associated due to the latent Z-U-W pathway. Then, the statistical significance of  in E[Y | X, C ], where  was the risk of negative control outcome predicted from E[W | X, C, Z], was calculated to check in the confounding bridge was well-estimated. If the statistical significance of either was greater than 0.05, the double negative control pair was selected as a potential option for use in our analysis. See Appendix S3.2 for more intuition and potential limitations of this approach.
    One primary double negative control was chosen for each outcome of interest in our analysis. The primary double negative control was chosen from the remaining candidates based on the following two criteria: 1) both NCE and NCO were considered plausible to satisfy the required independence assumptions and U-relevance condition by the subject matter expert; and 2) greater marginal significance of Z in E[W | X, C, Z] and of  in E[Y | X, C, ]. 
    One primary double negative control was chosen for each of the four target outcomes using the potential NCEs and NCOs. Diagnosis of lipoma and ingrowing nail in the prior year were present in 0.70% and 0.84% of participants respectively and were therefore eliminated as potential NCE due to their rarity. Listed in Table 1, the primary double negative controls that were chosen were dermatology visit and epistaxis for all four safety outcomes, although in general, the selecting negative control pairs for different outcomes may differ. 
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Figure S1: Directed acyclic graphs (DAGs) illustrating the rationale of the data driven approach. The measured covariates C are ignored for brevity.

Suppose a list of candidate NCEs and NCOs that satisfy the negative control independence assumptions (Assumptions 3 and 4 in Appendix S2) have been identified literature review and input from subject-matter experts. Our data driven approach to selecting negative control variables in Step 3 are designed to search for NCE Z and NCO W that are most strongly associated with the unmeasured factor U (in other words, U-relevant) which is responsible for the confounding bias of X-Y association (Figure S1 (a)). This is because Assumption 6(a) and (b) in Appendix S2 require a pair of valid negative control variables to be both associated with  (see Remark 1), which has two implications for the observed variables:
1. W and Z should be associated conditioning on  and ;
2. If Y is associated with U, then Y is also associated with Z, conditioning on X and C.
The data-driven approach identifies negative variables that satisfy the above two conditions. For simplicity, we shall condition on measured covariates C implicitly throughout the discussion below. In Step 3(a), we assess the statistical significance of Z in a logistic regression model of W on X and Z. This W-Z association is induced by the U-Z and U-W association (Figure S1(b)). If either association is weak or null, the W-Z association would also be weak. In Step 3(b), we assess the statistical significance of  in a logistic regression model of Y on X and , where  is the predictor of W from the regression model in Step 3(a). Note that  is a function of X and Z, so Step 3(b) in fact evaluates the statistical association between Y and X, Z (Figure S1(b)). If both X-U and Z-U associations are weak, or if U-Y associations are weak, then the conditional Y- would also be weak. By selecting the negative control variable pair (W, Z) that has large statistical significance in both Step 3(a) and 3(b), we presumably would select the most “U-relevant” negative control pair.
Finally, we note that in rare scenarios the presented selection approach may fail. In Figure S1(d), omitting measured confounders , the variables Z and W satisfy the negative control independence conditions and are significant in both Steps 3(a) and 3(b) because W is associated with Z and Y is associated with X. However, the association between W and Z is induced through an unmeasured factor U2, which is entirely independent from the unmeasured confounder U1. In this case, the negative control estimator is not well defined because the matrix

 does not have full column rank (see Appendix B). To see this, note that Figure S1(d) implies [image: Icon

Description automatically generated] and [image: Icon

Description automatically generated]. Suppose  has categories , and  has categories . We have


[bookmark: _Toc79662761]Note that the completeness Assumption 6(b) requires , so the rank of the above matrix is less than or equal to . In finite samples, this manifest as that the estimator cannot be computed or is numerically unstable. We would like to point out with sufficient expert input, this drastic error in selecting negative control variables should be preventable.
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In this section, we provide the proof of Equation (1) for identification of , modified from Miao et al.1 For generality, we consider the case where W is a categorical variable with  categories, , Z is a categorical variable with  categories, , and U is a categorical variable with  categories, . By Assumptions 3 and 4 in Appendix B, for  we have

and

or, equivalently,


We therefore have 



where  denotes the right-inverse of a matrix , and  denotes the left-inverse of . Note that the right-inverse of  exists if and only if  has full row rank, while the left-inverse of  exists if and only if  has full column rank. 
We conclude that


If W, Z and U are binary, then this reduces to


We note that the above derivation is identical to the confounding bridge function approach in Miao et al.1 The confounding bridge function approach identifies  by , where  is the so-called outcome confounding bridge function that satisfies
 
for ,  and any . That is, for any  and , the confounding bridge function solves the equation system




The solution is

Therefore, we have
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[bookmark: _Toc182493487]Appendix S5.1. Analysis using well-visit + flu shot comparator
We used the same negative control variables (prior dermatology visit and epistaxis) for the four safety outcomes. Table S3 presents results from the negative control analyses versus the original analysis using the well-visit + flu comparator. As hypothesized, estimates and confidence intervals based on the well-visit + flu shot subset comparators calculated with and without negative controls were similar for all target outcomes. The point estimates by propensity score adjusted logistic regression are slightly lower, but the differences are unremarkable.  
[bookmark: _Toc79662730]Table S3. Relative risk of target safety outcomes between RZV vaccinees and well-visit + flu comparators.
	
	Analysis Used

	Safety Outcome
	Negative Control Method
	Propensity Score Adjusted Analysis

	Acute MI
	0.84 (95% CI: 0.71, 1.00) 
	0.80 (95% CI: 0.68, 0.94) *

	Stroke
	0.93 (95% CI: 0.78, 1.12)
	0.89 (95% CI: 0.75, 1.04)

	Pneumonia
	0.89 (95% CI: 0.80, 1.01)
	0.87 (95% CI: 0.75, 0.94) *

	Gout
	1.09 (95% CI: 1.02, 1.18) * 
	1.08 (95% CI: 1.02, 1.15) *


All analyses adjusted for sex, study site, age group (50-54, 55-59, 60-64, 65-69, 70-74, 75-79, 80+), and select healthy user indicators. Healthy user indicators were dermatology visit, optometry/ophthalmology visit, and prior Zostavax vaccine. If an indicator was included in the analysis as a negative control exposure that indicator was not used as a covariate. Analyses of cardiovascular outcomes (e.g., acute MI, stroke) additionally adjusted for the cardiovascular risk factors hypertension, hyperlipidemia, diabetes, and ischemic heart condition (presence of ischemic heart disease, TIA, or stroke). 
* Indicates that the 95% confidence interval does not include 1
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[bookmark: _Toc182493488]Appendix S5.2. Comparing estimates across double negative controls
Conclusions drawn from the RR estimates and confidence intervals differed somewhat depending on which double negative control was used in the analysis. Estimates of the RR of acute MI when using the well visit comparator group ranged from 0.78 to 1.03 across the ten double negative controls that were determined to provide sufficient information to correct for unmeasured confounding (Figure S2(a)). Five double negative controls suggested a protective effect for RZV recipients while the other five resulted in RR estimates that did not differ significantly from 1 (p>0.05), although confidence intervals were all overlapping. Estimates and confidence intervals calculated for the RR of pneumonia using different double negative controls also exhibited some variability (Figure S2(b)). Out of the four selected double negative control pairs for pneumonia, two suggested a protective effect for RZV recipients while the other two resulted in RR estimates which did not differ significantly from 1.

[image: ](a)

[image: ](b)


[bookmark: _Toc79569236]Figure S2: Forest plot for relative risk of (a) acute myocardial infarction and (b) pneumonia between RZV vaccinees and well-visit comparators estimated using different double negative controls. All analyses adjusted for sex, study site, age group (50-54, 55-59, 60-64, 65-69, 70-74, 75-79, 80+) and the selected healthy user indicators. Healthy user indicators were influenza vaccine, dermatology visit, optometry/ophthalmology visit, and prior Zostavax vaccine. If an indicator was included in the analysis as a negative control exposure, that indicator was not used as a covariate. Analyses of cardiovascular outcome (acute MI) additionally adjusted for the cardiovascular risk factors hypertension, hyperlipidemia, diabetes, and ischemic heart condition (presence of ischemic heart disease, TIA, or stroke). PSL: propensity score adjusted logistic regression.
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