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SUMMARY

The Supplementary Materials present the technical details, additional extensive simulation results

and supplemental figures referenced in the Main Paper. Section A1 remarks on the assumptions

for the control model. Section A2 discusses the choice of hyperparameters. Section A3 provides

the posterior algorithm and convergence checks for valid posterior inference. Section A4 describes

the simulation settings in the Main Paper and Section A5 shows additional simulation results.

Section A6 presents additional results from PERCH study. Section A7 contains Supplemental

Figures.

Motivated by the data application in PERCH study, we will use some existing terminologies

(Wu and others, 2016) for two sources of imperfect diagnostic tests of the pathogen causes

(those infecting the lung): (a) case-control tests: NP PCR results that are not perfectly sensitive

or specific, referred to as “bronze-standard” (BrS) data; and (b) case-only tests: blood culture

(BCX) results for a subset of pathogens that are perfectly specific but lack sensitivity, referred

to as “silver-standard” (SS) data.

∗To whom correspondence should be addressed.
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A1. Remark on the Assumption for Introducing Covariates into the Control

Model

By assuming mutually independent measurements M1, . . . ,MJ given subclass Z and Y = 0,

we let the covariates influence the dependence structure of the measurements only through the

unobserved Z. As a result, upon integrating over Z, the proposed model does not assume marginal

independence P(M |W , Y = 0) =
∏J
j=1 P(Mj |W , Y = 0) in contrast to a kernel-based method

that makes this assumption (Saha and others, 2018, Supplementary appendix). Our approach to

incorporating covariates to model control data follows the latent class regression formulation in

Bandeen-Roche and others (1997). This formulation is classical and has been used in applications

including HIV population size estimation (Bartolucci and Forcina, 2006), and alcoholic and drug

addiction (Chung, Flaherty and Schafer, 2006).

A2. Considerations for the Choice of Hyperparameters

In this paper, we use (aτ , bτ ) = (3, 2) and (a′τ , b
′
τ ) = (1.5, 400) in the Gamma-Inverse-Pareto

mixture prior for the precision parameter in the Gaussian random walk prior. We use the same

Beta hyperparameters for ρν and ρη (aρ = 0.5, bρ = 1) in the control and case subclass regressions

to a priori give slight preference for constant curves; We use aπρ = 1, bπρ = 0.5 to a priori give

slight preference for flexible CSCF functions.

In our simulations and applications, we choose hyperparameters ν0 = 1 and s0 = 10 for

the intercept, and kβ = 1/4 for the first B-spline coefficients β
(1),ν
kj , β

(1),η
kj in the random walk

prior in P-spline. We have chosen our hyperparameters based on the interpretations on the

probability (inverse-link) scale; see similar prior elicitations for regression coefficients in other

applications (e.g., Bedrick, Christensen and Johnson, 1996; Witte, Greenland and Kim, 1998)

and for automatic, stabilized and weakly-informative fitting of generalized linear models (Gelman

and others, 2008). We choose the hyperparameters for the intercepts that put most prior mass
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of g(µ10) within (0.5, 1 − 10−9), because 1 − 10−9 is sufficiently close to 1 which means the

stick-breaking is stopped at Step k = 1. In contrast, we choose the first B-spline coefficient’s

hyperparameter kβ = 1/4 that puts most prior mass of g(β
(1),ν
kj ) within (0.02, 0.98), a range for

the weight of a non-trivial subclass to break from the rest of the stick at Step k. Note the first

B-spline coefficient β
(1),π
`j also has a N (0, κβ) prior; Finally, we choose κγ = κβ = 1/4.

A3. Posterior Sampling Algorithm

We update the unknowns by iterating through the following steps.

1. Update the class indicator Ii ∈ {1, . . . , L} for every case, from a categorical distribution

with probability

P(Ii = ` | others) ∝ [Mi | Ii = `, Zi,Θ,Ψ][Ii = ` | πi`]

∝
∏
j∈C`

{
θ
(j)
Zi

}Mij
{

1− θ(j)Zi
}1−Mij

·
∏
j′ /∈C`

{
ψ
(j′)
Zi

}Mij′ {
1− ψ(j′)

Zi

}1−Mij′
· πi`,

where C ⊂ {1, . . . , J} represents the subset of causative agents for cause `.

2. Update the subclass indicator Zi ∈ {1, . . . ,K} for every case from a categorical distribution

with probability

P(Zi = k | others) ∝ [Mi | Zi = k, Ii,Θ,Ψ][Zi = k | ηik, Ii]

∝
∏
j∈CIi

{
θ
(j)
k

}Mij
{

1− θ(j)k
}1−Mij

·
∏
j′ /∈CIi

{
ψ
(j′)
k

}Mij′ {
1− ψ(j′)

k

}1−Mij′
· ηik.

Update the subclass indicator Zi′ ∈ {1, . . . ,K} for every control subjects from a categorical

distribution with probability P(Zi′ = k | others) ∝ [Mi′ | Zi′ = k,Ψ][Zi′ = k | νi′k] ∝∏J
j=1

{
ψ
(j)
k

}Mi′j {
1− ψ(j)

k

}1−Mi′j
· νi′k.
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3. Update the control subclass regression coefficients Γν = [(Γν1)>, . . . , (ΓνK−1)>]> by

[Γν | others] ∝
∏

i′:Yi′=0

[Zi′ | Γν , {µ∗k0},Wi′ ]

K−1∏
k=1

[Γνk | bν ,Kν
k]

=
∏

i′:Yi′=0

K−1∏
k=1

{
exp(µk0 +W>i′ Γνk)

}1{Zi′=k}{
1 + exp(µk0 +W>i′ Γνk)

}1{Zi′>k} · N (Γνk; bν ,Kν
k),

where bν = 0 is the prior mean and

Kν
k = blkdiag


{
τγkj∆

>
1 ∆1 + κβ(1,0(Cj−1)×1)>(1,0(Cj−1)×1), j = 1, . . . , q1

}
, κγ , . . . , κγ︸ ︷︷ ︸

q−q1


is the prior precision with ∆1 being the first-order difference matrix (Section 4.3.2 in the

Main Paper) and 1{A} = 1 if the statement A is true; 0 otherwise. The conditional den-

sity admits direct sampling via auxiliary Pólya-Gamma (PG) variables (Polson, Scott and

Windle, 2013; Linderman, Johnson and Adams, 2015),

[ωνi′k | others]
d∼ PG(1, ανik = µk0 +W>i′ Γνk), for k 6 Zi′ ,

[Γνk | others] ∝ N (mν
k, (V

ν
k )−1),

V νk =
{
W>ΩνkW + Kν

k

}−1
,

mν
k = V νk (W>Υk + Kν

kb
ν),

for k = 1, . . . ,maxi′ Zi′ , where W represents the design matrix for the control subclass

weight regression where row i′ is Wi′ = [B>1 (Wi′1), . . . ,B>q1(Wi′q1), W̃i′,q1+1, . . . , W̃i′q]
>,

Ωνk = diag{ωνi′k1{Zi > k}}, Υk = diag
{

(1{Zi′ = k} − 1
2 − µk0)1{Zi′ > k} : Yi′ = 0

}
; We

update the PG auxiliary variables {ωνi′k} in parallel across controls and subclasses.

We similarly update the regression coefficients Γη in the case subclass regression by replac-

ing the control design matrix W with the counterpart among cases; Let Wi indicate the

row in the case design matrix for case i.
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4. Update µ∗k0 according to the full conditional distribution:

[µ∗k0 | others] ∝
∏

i:Yi=1,Zi>k

[Zi | {µ∗h0,Γ
η
h, h 6 k}]

∏
i′:Yi′=0,Zi′>k

[Zi′ | {µ∗h0,Γνh, h 6 k}] · [µ∗k0 | b∗, τk0]

∝ N+(µ∗k0; b∗, τk0) ·
K−1∏
k′=k

 ∏
i:Yi=1

{exp(αηik′)}
1{Zi=k′}

{1 + exp(αηik′)}
1{Zi>k′} ·

∏
i′:Yi′=0

{exp(ανi′k′)}
1{Zi′=k′}

{1 + exp(ανi′k′)}
1{Zi′>k′}

 ,
where b∗ = 0 is the prior mean, τk0 is the prior precision, and αηik′ =

∑k′

h=1 uk′hµ
∗
h0 +

W>i {Γ
η
hYi + Γνh(1− Yi)} and ανi′k′ =

∑k′

h=1 uk′hµ
∗
h0 +W>i′ Γνh are the linear predictors at

the k-th stick-breaking events. We introduce auxiliary Pólya-Gamma variables for exact

sampling:

[ω∗ik | others]
d∼ PG (1, αηikYi + ανik(1− Yi)) , for a case or control i, for k 6 Zi,

[µ∗k0 | others]
d∼ N+(m∗k, τk0),

vk0 =

 ∑
i: all subjects

Zi∑
h=k

ω∗ih + τ0k


−1

,

m∗k = vk0


∑

i: all subjects

Zi∑
h=k

sih − ω∗ih

∑
j6h

ujhµ
∗
j0︸ ︷︷ ︸

µh0

+W>i {Γ
η
hYi + Γνh(1− Yi)}


+ τk0b

∗

 ,

for k = 1, . . . ,maxi Zi, where sih = 1{Zi = h} − 1
21{Zi > h}.

5. Update the smoothing parameters τνkj and smoothness selection indicator ξνkj . First ran-

domly switch ξνkj to ξν∗kj either from 0 to 1, or 1 to 0 for k = 1, . . . ,K − 1, j = 1, . . . , p1.

Given the parameter τνkj , we propose its candidate τν∗kj from the log-normal distribution

with log-mean parameter τνkj . We accept (τν∗kj , ξ
ν∗
kj ) with probability

min

{
1,
p(βνkj ; τ

ν∗
kj )π(τν∗kj | ξν∗kj )q(τνkj | τν∗kj )q(ξνkj | ξν∗kj )

p(βνkj ; τ
ν
kj)π(τνkj | ξνkj)q(τν∗kj | τνkj)q(ξν∗kj | ξνkj)

}
,

where p(βνkj ; τ
ν∗
kj ) is the density function N (0, τνkj∆

>
1 ∆1) and π(τνkj | ξνkj) is the prior dis-

tribution ((24) in the Main Paper).
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We update τνkj again because it is continuous and therefore has a much bigger parameter

space than that of discrete parameter. Using random walk Metroplis-within-Gibbs algo-

rithm, we propose τν∗kj from the log-normal distribution with log-mean parameter τνkj and

accept with probability

min

{
1,

p(βνkj ; τ
ν∗
kj )π(τν∗kj | ξν∗kj )q(τνkj | τν∗kj )

p(βνkj ; τ
ν
kj)π(τνkj

2 | ξνkj)q(τν∗kj
2 | τνkj)

}

We similarly update (τηkj , ξ
η
kj) in the case subclass regression.

6. Update the smoothness selection hyperparameter ρν by

[ρν | others] d∼ Beta(aρ +
∑
k,j

1{ξνkj = 1}, bρ +
∑
k,j

1{ξνkj = 0}).

We similarly update ρη in the case subclass weight regressions.

7. Update the scale parameter τk0 in the hyperpriors for the intercept µ∗k0

[τk0 | others] ∝ [µ∗k0 | τk0][τk0 | a0, b0]
d∼ Gamma

(
a0 +

1

2
, b0 +

(µ∗k0)
2

2

)
, k = 1, . . . ,K − 1.

8. Update the vector of subclass TPR for j = 1, ..., J by

[θ(j) | others] ∝
∏

{i:ιij=1}
[Mi | θ(j), Zi, ιi][θ(j)]

∝
K∏
k=1

{
θ
(j)
k

}m(j)
k1
{

1− θ(j)k
}m(j)

k0 · [θ(j)],

where m
(j)
kc = #{i : Yi = 1, Zi = k, ιij = 1,Mij = c}, c = 0, 1. If prior for TPRs are

independent Beta distributions, then this is a product of Beta distributions.

9. Update subclass-specific FPRs ψ
(j)
k for j = 1, ..., J , k = 1, ...,K from

[ψ
(j)
k | others] ∝

∏
i:ιij=0,Zi=k

[Mij | ψ(j), Zi, Ii] · [ψ(j)
k ]

∝
{
ψ
(j)
k

}s(−j)k1
{

1− ψ(j)
k

}s(−j)k0 · [ψ(j)
k ],
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where s
(−j)
kc = #{i : Zi = k, ιij = 0,Mij = c}, for c = 0, 1. If the prior on FPRs are

Beta(aψ, bψ), then the above conditional distribution is Beta(aψ + s
(j)
k1 , bψ + s

(j)
k0 ).

10. Update the regression parameters in the CSCF regression for ` = 1, . . . , L by

[Γπ` | others] ∝ [Γπ` | κβ , κγ ] ·
∏
i:Yi=1

[Ii = ` | Γπ,Xi]

∝
∏
i:Yi=1

{exp(απi`)}1{Ii=`}

1 + exp(απi`)
· N (bπ,Kπ),

where bπ = 0 is the prior mean, Kπ
0 = diag{κβ , . . . , κβ︸ ︷︷ ︸∑p1

j=1 p1·Cπj

, κγ , . . . , κγ︸ ︷︷ ︸
p−p1

} is the prior precision

matrix, and απi` = X>i Γπ` −Di` with Di` = log
∑
`′ 6=` exp(X>i Γπ`′) with

X>i = [B>1 (Xi1), . . . ,B>p1(Xip1), X̃i,p1+1, . . . , X̃ip].

We introduce augmented Pólya-Gamma variables during sampling:

[ωπi` | Γπ` , others]
d∼ PG(1, απi`),

[Γπ` | ωπi`, others]
d∼ N (mπ

` , (V
π
` )−1),

V π` =
{
X>Ωπ`X + Kπ

}−1
,

mπ
` = V π`

{
X>(s` + Ωπ`D`) + Kπbπ

}
,

where s` = {si`}i:Yi=1, si` = 1{Ii = `} − 1/2, and Ωπ` = diag{{ωπi`}i:Yi=1}; We sample the

PG variables in parallel across cases.

In simulations and data analysis, we ran three MCMC chains each with a burn-in period of

10, 000 iterations followed by 10, 000 iterations stored for posterior inference. We look for potential

non-convergence in terms of Gelman-Rubin statistic (Brooks and Gelman, 1998) that compares

between-chain and within-chain variances for each model parameter where a large difference (Rc >

1.1) indicates non-convergence; We also used Geweke’s diagnostic that compare the observed

mean for each unknown variable using the first 10% and the last 50% of the stored samples where
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a large Z-score indicates non-convergence (|Z| > 2). In our simulations and data analyses, we

observed fast convergence (many satisfied convergence criteria within 2, 000 iterations) that led

to well recovered regression curves, TPRs and FPRs.

A4. Additional Information about Simulations of Main Paper

Simulation I. we let π`(·), νk(·) and ηk(·) depend on the two covariates X = W = (S, T ), S

and enrollment date (T ), so that regression adjustments are necessary (see Remark 2 in the

Main Paper). We simulate BrS measurements on J = 9 pathogens and assume the number

of potential single-pathogen causes L = J = 9. To specify CSCF functions that satisfy the

constraint
∑L
`=1 π`(x) = 1, we use stick-breaking parameterization with L = 9 segments. In par-

ticular, we let logit {g1(s, t)} = β11(s = 1) + sin(8π(t − 0.5)/7), logit {g2(s, t)} = β21(s =

1) + 4 exp(3t)/(1 + exp(3t)) − 0.5, logit(g`) = β81(s = 1) for ` > 2; Let the CSCF func-

tions π`(s, t) = g`(s, t)
∏
j<`{1 − gj(s, t)}, ` = 1, . . . , L(= 9), where β` = 0.1, ` = 1, . . . , 8.

The true control distribution depend on covariates with K = 2 subclass weight functions:

ν1(s, t) = logit−1 {γν11(s = 1) + 4 exp(3t)/(1 + exp(3t))− 0.5} and ν2(s, t) = 1 − ν1(s, t). We

specify ηk(s, t) = νk(s,−t), k = 1, 2, highlighting the need for using different subclass weights

among cases and controls. We set the true TPRs θ
(j)
k = 0.95 and the FPRs ψ

(j)
1 = 0.5 and

ψ
(j)
2 = 0.05.

In performing regression analyses of the simulated data, we set φ`(X) to be an additive model

of a 1{S = 2} indicator and a B-spline expansion with 7 degrees of freedom (d.f.) for standardized

enrollment date t. We use K = 7(> K0) and specify the regression formula for subclass weights

νk(·) and ηk(·) by additive models of the 1{S = 2} indicator and a B-spline expansion with 5 d.f.

for standardized enrollment date.

Simulation II. We consider L = J = 3, 6, 9 causes, under single-pathogen-cause assumption, BrS

measurements made on Nd cases and Nu controls for each level of X where Nd = Nu = 250 or
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500. The functions φ`(X) = β0`+β1`1{X = 2} take two sets of values to reflect how variable the

CSCFs are across the two X levels: i) βi
0 = (0, 0, 0, 0, 0, 0) and βi

1 = (−1.5, 0,−1.5,−1.5, 0,−1.5)

where causes have uniform CSCFs when X = 1 and causes B and E dominate when X = 2,

or ii) βii
0 = (1, 0, 1, 1, 0, 1) and βii

1 = (−1.5, 1,−1.5,−1.5, 1,−1.5) to mimic the scenario where

pathogens B and E have lower CSCFs when X = 1 and occupy more fractions when X = 2.

We further let the measurement error parameters take distinct values of the TPRs θ
(j)
k = 0.95

or 0.8 and the FPRs (ψ
(j)
1 , ψ

(j)
2 ) ∈ {(0.5, 0.05), (0.5, 0.15)}, for j = 1, . . . , J . Finally, we set

the truth νk(W ) = ηk(W ) = logit−1 (γk0 + γk11{W = 2}) where (γ10, γ11) = (−0.5, 1.5) and

(γ20, γ21) = (1,−1.5). The Main Paper only presents results under J = 6 for simplicity; The

findings for J = 3, 9 are largely the same.

Simulation II: a randomly chosen replication. Here we illustrate the inferences about the stratum-

specific and overall CSCFs that are available to an analyst by considering a two-level covariate

X = W with J = 6 measurements. Under the single-pathogen cause assumption, we can estimate

12 = (2 × 6) CSCFs, six per level of X as well as six overall CSCFs. For example, based on a

single data set simulated under the scenario {L = 6, Nd = 500, K = 2, θ
(j)
k = 0.8, (ψ

(j)
1 , ψ

(j)
2 ) =

(0.5, 0.05), (βii
0,β

ii
1)}, Figure S2 in the Supplementary Materials shows the posterior distribution

of the stratum-specific etiology fractions π`(X = s) for (s = 1, 2) by row and L(= J) causes

(` = 1, . . . , 6) by column with the true values indicated by the blue vertical dashed lines; The

bottom row shows the posterior distribution of π∗` =
∑
s wsπ`(X = s) for L causes with empirical

weights ws = N−1d
∑
i:Yi=1 1{Xi = s}, s = 1, 2. The true stratum-specific and overall CSCFs are

covered by their respective 95% CrIs.
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A5. Additional Simulation Results

A5.1 Estimating π`(X)

We use simulation studies to show the frequentist performance of the npLCM regression model

in recovering stratum-specific CSCFs; The results below are based on a single discrete covariate

that influence the CSCFs but not the subclass weights in the cases or controls.

In this simulation study, we simulate 500 cases and 500 controls for each of 7 sites. Every

subject is measured on 6 pathogens A to F; The causes of disease are single-pathogen causes A-F.

First, we let the CSCFs vary by site which are shown in Table S1. Second, we simulate the data

using K = 1 subclass.

Table S1: True CSCFs for seven sites (boldfaced numbers indicate the highest
CSCFs within each stratum).

site\cause A B C D E F

1 0.5 0.2 0.15 0.05 0.05 0.05
2 0.2 0.5 0.15 0.05 0.05 0.05
3 0.2 0.15 0.5 0.05 0.05 0.05
4 0.2 0.15 0.05 0.5 0.05 0.05
5 0.2 0.15 0.05 0.05 0.5 0.05
6 0.2 0.15 0.05 0.05 0.05 0.5
7 0.05 0.2 0.15 0.5 0.05 0.05

We simulate data under two TPR scenarios (I) strong signal with θ
(j)
1 = 0.99 and ψ

(1)
1 = 0.01

where data are expected to provide strong information about the CSCFs, and (II) weak signal

with θ
(j)
1 = 0.55 and ψ

(1)
1 = 0.45 where it is easy to confuse true and false positive results and

the data do not provide strong information about the CSCFs. In both scenario (I) and (II) , we

used a Beta(6,2) distribution as a prior for the TPRs of the BrS measurements. We set the true

TPRs and FPRs to be the same across sites and pathogens. In fitting the regression models, we

use the CSCF regression formulation by specifying L− 1 sets of regression parameters with site

dummy variables as the predictors in φ`(·). Since our goal is to infer S = 7 sets of CSCFs, we
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can also specify S = 7 sets of symmetric Dirichlet priors with hyperparameter α (Dir(α)); We

use α = 1 here. The package baker (https://github.com/zhenkewu/baker) provides an option

to use Dirichlet priors when the CSCFs depend on discrete covariates only.

A5.1.1 Scenario I: Strong Signal Over R = 100 replications, the top half of Table S3 summa-

rizes the coverage rates of the 95% credible intervals (CrIs) for the CSCFs across all the sites.

We observed excellent recovery of the true values across all causes and sites with the 95% CrIs

covered the true values between 90% to 100% of the time. Panel I of Table S3 also shows for site

1 the posterior mean CSCFs, posterior standard deviations (sd’s) of the CSCFs, and posterior

mean squared errors (PMSEs, estimated by B−1
∑B
b=1

∑
i:Yi=1{π`(Xi = s;γπ,(b))− π0

` (Xi = s)}

with B retained posterior samples {γπ,(b)}) averaged over R replications. The posterior means

provide excellent estimation of the CSCFs with small average PMSEs.

A5.1.2 Scenario II: Weak Signal Using data simulated under less discrepant TPRs and FPRs

than those in Scenario I, the 95% CrIs cover the truths well for most site-cause pairs, but under-

cover the truths for causes with the highest CSCF in each site (see Table S2). This is expected

because when the signal from the data is weak, the model relies more heavily on the uniform

prior distribution for the CSCFs (symmetric Dirichlet prior with hyper-parameter 1).

Table S2: Number of times (out of 100 replications) that
the true value is covered by the 95% CrIs (Scenario II,
Beta(6,2) prior for the TPRs). Boldfaced numbers indicate
the highest CSCFs (0.5) within each stratum.

site\cause A B C D E F

1 73 100 100 99 100 100
2 100 79 100 100 100 99
3 100 100 83 98 100 100
4 100 100 100 73 100 99
5 99 100 100 100 85 100
6 100 100 100 99 100 88
7 100 100 100 81 100 99
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More Informative TPR Priors (II∗). We further investigate the model performance when we

change the TPR prior distributions from the Beta(6,2) to a Beta distribution that has 95% of its

mass between 0.525 and 0.575 and is around the true TPRs (Beta(835.95, 683.79),

beta_parms_from_quantiles(c(0.525,0.575)) using baker). Panel II∗ of Table S3 shows dra-

matic improvements in the coverage rates. These results suggest that changing the prior distri-

butions of the TPRs so that it is more tightly concentrated around plausible values can improve

inferences of the stratum-specific CSCFs in the presence of high levels of noises. Relative to Sce-

nario I, the average PMSEs are larger across sites and pathogens reflecting the weaker signal in

this setting.

In summary, in the simulation study where the CSCFs are influenced by a discrete covariate,

the regression model recovers the true values well under high signals (high sensitivities and low

FPRs). Under lower sensitivities and higher FPRs, the noisier simulated data are less informa-

tive about the CSCFs which are then more influenced by the prior distributions of the TPRs

and CSCFs. In practice, we recommend eliciting quality informative TPR priors from domain

scientists as in the PERCH study and perform sensitivity analyses to understand the robustness

of the results with respect to the prior distributions.

A5.2 Valid inference of π∗` omitting covariates

Under the assumption in Remark 2 in the Main Paper, the case subclass weights ηk(W ) = ηk,

k = 1, . . . ,K, we conduct a simulation study to show that an npLCM analysis omitting covariates

is able to provide valid inference about the overall CSCFs (π∗` ). The simulation settings are exactly

the same as in Simulation II, Section 5 in the Main Paper, except that we set γ20 = γ21 = 0 to

satisfy the assumption. Figure S4(a) in the Supplementary Materials shows the percent relative

biases are similarly negligible in all the 16 scenarios with 6 disease classes; Figure S4(b) in the

Supplementary Materials shows excellent empirical coverage rates of the 95% CrIs for {π∗` }.
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Table S3: Scenario I and II∗: coverage rates of the 95% CrIs; For Site 1, the posterior means,
standard deviations (s.d.’s) and PMSE of the stratum-specific CSCFs averaged over R = 100
replications are also shown. Boldfaced numbers indicate the highest CSCFs (0.5) within each
stratum.

site \cause A B C D E F

I

coverage

1 99 93 97 94 96 90
2 97 90 96 97 95 94
3 100 95 98 98 95 96
4 93 94 96 95 92 99
5 96 94 96 97 95 98
6 96 97 98 99 95 96
7 96 97 91 100 95 96

posterior
summary

truth (Site 1) 0.5 0.2 0.15 0.05 0.05 0.05
average of post. mean 0.495 0.197 0.152 0.053 0.053 0.051
average of post. s.d. 0.023 0.018 0.016 0.01 0.01 0.01

average PMSE 0.0010 0.0007 0.0005 0.0002 0.0002 0.0002

II∗

coverage

1 98 89 98 99 100 100
2 97 95 96 100 100 99
3 93 98 91 99 99 100
4 95 98 100 95 99 100
5 94 94 99 99 91 100
6 95 97 100 99 99 90
7 100 95 94 96 100 99

posterior
summary

truth (Site 1) 0.5 0.2 0.15 0.05 0.05 0.05
average post. mean 0.417 0.163 0.138 0.091 0.086 0.106
average post. s.d. 0.27 0.174 0.162 0.135 0.13 0.141

average PMSE 0.131 0.067 0.056 0.034 0.031 0.042

A6. Results from PERCH Data: Individual-level Probability Assignment

The regression model accounts for stratification of CSCFs by the observed covariates. Conse-

quently, despite identical diagnostic test results, the posterior algorithm automatically assigns

covariate-dependent cause-specific probabilities. Figure S5 shows the individual cause-specific

probabilities for cases with all negative NPPCR results (the most frequent pattern among cases).

For two cases with one older the other younger than one, the older case has a lower posterior

probability of her disease caused by RSV and higher probability of being caused by NoS. Indeed,

contrasting older and younger children while holding the enrollment date, HIV, severity constant,

the estimated difference in the log odds (i.e., log odds ratio) of a child being caused by RSV versus
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NoS is negative: −1.82 (95% CrI : −2.99,−0.77).
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A7. Supplemental Figures

(a) case

(b) control

Fig. S1: By propagating the prior that encourages few subclasses, the algorithm correctly infers
two subclasses from the simulated data in Simulation I, Section 5 in the Main Paper. Estimated
case (top) and control (bottom) subclass weight curves over one continuous covariate ν̂k(t) (central
blue dashed lines enclosed by the 95% credible regions; the red curves are posterior samples)
compared against the simulation truths (ν0k(t), black solid lines). The number of subclasses is
bounded by seven during model fitting.
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Fig. S3: NPLCM analyses with or without regression perform similarly in terms of per-
cent relative bias (top) and empirical coverage rates (bottom) over R = 100 replications
in simulations where the case and control subclass weights do not vary by covariates.
Each panel corresponds to one of 16 combinations of true parameter values and sample
sizes. See Figure 4 in the Main Paper for detailed descriptions of the figure.
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(b) Cause: NoS

Fig. S5: Individual-level probabilities of cause of pneumonia estimates for RSV (left) and
NoS (right) differ by age and season among HIV negative and severe pneumonia cases
for whom the seven pathogens were all tested negative in the nasopharyngeal specimens.
The prediction also outputs probabilities for other causes; only RSV and NoS are shown
here.
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<latexit sha1_base64="NkNgzB6zBJCMrnrG0BdB7mt7xxs=">AAAB9XicbVDLSsNAFJ34rPVVdelmsAiuSqLFx67oxmUF+4AmLZPppB07mYSZG6WE/ocbF4q49V/c+TdO2iBqPXDhcM693HuPHwuuwbY/rYXFpeWV1cJacX1jc2u7tLPb1FGiKGvQSESq7RPNBJesARwEa8eKkdAXrOWPrjK/dc+U5pG8hXHMvJAMJA84JWCkrgsk6boMSC8d3U16pbJdsafA88TJSRnlqPdKH24/oknIJFBBtO44dgxeShRwKtik6CaaxYSOyIB1DJUkZNpLp1dP8KFR+jiIlCkJeKr+nEhJqPU49E1nSGCo/3qZ+J/XSSA491Iu4wSYpLNFQSIwRDiLAPe5YhTE2BBCFTe3YjokilAwQRWnIVxkOP1+eZ40jyvOSaV6Uy3XLvM4CmgfHaAj5KAzVEPXqI4aiCKFHtEzerEerCfr1XqbtS5Y+cwe+gXr/QsO9JME</latexit>

⇠⌘kj
<latexit sha1_base64="OY12Cn2eDpD7MTRBxYZYUa01qjY=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsA9oYplMJ+3YycOZSbGEfocbF4q49WPc+TdO0iBqPXDhcM693HuPG3EmlWl+GoWFxaXlleJqaW19Y3OrvL3TkmEsCG2SkIei42JJOQtoUzHFaScSFPsup213dJn67TEVkoXBjZpE1PHxIGAeI1hpybEf2K1NFe4lo7tpr1wxq2YGNE+snFQgR6NX/rD7IYl9GijCsZRdy4yUk2ChGOF0WrJjSSNMRnhAu5oG2KfSSbKjp+hAK33khUJXoFCm/pxIsC/lxHd1p4/VUP71UvE/rxsr78xJWBDFigZktsiLOVIhShNAfSYoUXyiCSaC6VsRGWKBidI5lbIQzlOcfL88T1pHVeu4WruuVeoXeRxF2IN9OAQLTqEOV9CAJhC4h0d4hhdjbDwZr8bbrLVg5DO78AvG+xdFfpKR</latexit>

⇢⌘
<latexit sha1_base64="qvVtC1RnNSPBd10nmtkB90dMuOw=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ic0sUymk3boPMLMRCihX+HGhSJu/Rx3/o2TNIivAxcO59zLvfeEMaPauO6HU1pYXFpeKa9W1tY3Nreq2zsdLROFSRtLJlUvRJowKkjbUMNIL1YE8ZCRbji5zPzuPVGaSnFjpjEJOBoJGlGMjJVufTWWdz4xaFCtuXU3B/xLvILUQIHWoPruDyVOOBEGM6R133NjE6RIGYoZmVX8RJMY4Qkakb6lAnGigzQ/eAYPrDKEkVS2hIG5+n0iRVzrKQ9tJ0dmrH97mfif109MdBakVMSJIQLPF0UJg0bC7Hs4pIpgw6aWIKyovRXiMVIIG5tRJQ/hPMPJ18t/Seeo7h3XG9eNWvOiiKMM9sA+OAQeOAVNcAVaoA0w4OABPIFnRzmPzovzOm8tOcXMLvgB5+0T82yQpQ==</latexit>

uk1, . . . , ukk
<latexit sha1_base64="UkvOBBsCWdtcpTsDprk87mpK9sE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJSSaPGxK7pxWcE+oA1hMpm0QyaTMDMRSszCX3HjQhG3/oY7/8YkDaLWAxfOnHMvc+9xIkalMoxPrbKwuLS8Ul2tra1vbG7p2zs9GcYCky4OWSgGDpKEUU66iipGBpEgKHAY6Tv+Ve7374iQNOS3ahoRK0BjTj2KkcokW9+L7cQ30wYcMTdUsgHzt5/aet1oGgXgPDFLUgclOrb+MXJDHAeEK8yQlEPTiJSVIKEoZiStjWJJIoR9NCbDjHIUEGklxf4pPMwUF3qhyIorWKg/JxIUSDkNnKwzQGoi/3q5+J83jJV3biWUR7EiHM8+8mIGVQjzMKBLBcGKTTOCsKDZrhBPkEBYZZHVihAucpx+nzxPesdN86TZumnV25dlHFWwDw7AETDBGWiDa9ABXYDBPXgEz+BFe9CetFftbdZa0cqZXfAL2vsXdV+V4w==</latexit>

�⇡`j
<latexit sha1_base64="W+607VxYwJpVdxXBUJae+sfXslw=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqlKoeGwVLIxFog+pCZHjOK3BTiLbQaqirCz8CgsDCLHyB2z8DU4aIaAcyfLROffq3nu8mFGpLOvTqMzNLywuVZdrK6tr6xvm5lZPRonApIsjFomBhyRhNCRdRRUjg1gQxD1G+t7tee7374iQNAqv1CQmDkejkAYUI6Ul14S2FzFfTrj+UnuEOEeZm9qEMXiTXdsxdc261bAKwFnSLEkdlOi45oftRzjhJFSYISmHTStWToqEopiRrGYnksQI36IRGWoaIk6kkxaXZHBPKz4MIqFfqGCh/uxIEZf5srqSIzWWf71c/M8bJio4cVIaxokiIZ4OChIGVQTzWKBPBcGKTTRBWFC9K8RjJBBWOrxaEcJpjqPvk2dJ76DRPGy0Llv19lkZRxXsgF2wD5rgGLTBBeiALsDgHjyCZ/BiPBhPxqvxNi2tGGXPNvgF4/0LsfmbGg==</latexit>

�⇡`j
<latexit sha1_base64="hEXDfOUUhGnZ6Qs4g43LIB3DEjg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUm0+NgV3bisYB/QxDCZ3rZjJw9mJkIJXbrxV9y4UMStn+DOv3GSFlHrgWEO59zLvff4MWdSWdanUZibX1hcKi6XVlbX1jfMza2mjBJBoUEjHom2TyRwFkJDMcWhHQsggc+h5Q8vMr91B0KyKLxWoxjcgPRD1mOUKC155q7jR7wrR4H+UscHRcY3Tsy81AHO8e3YM8tWxcqBZ4k9JWU0Rd0zP5xuRJMAQkU5kbJjW7FyUyIUoxzGJSeREBM6JH3oaBqSAKSb5oeM8b5WurgXCf1ChXP1Z0dKApntqisDogbyr5eJ/3mdRPVO3ZSFcaIgpJNBvYRjFeEsFdxlAqjiI00IFUzviumACEKVzq6Uh3CW4fj75FnSPKzYR5XqVbVcO5/GUUQ7aA8dIBudoBq6RHXUQBTdo0f0jF6MB+PJeDXeJqUFY9qzjX7BeP8C5CSaqQ==</latexit>

�
<latexit sha1_base64="LxtIyjMM2Lt9DuWF5VEAd9mxQpc=">AAAB9HicbVDLSsNAFJ34rPVVdekmWARXJdHiY1d047KCfUATys100g6dScaZSaGEfocbF4q49WPc+TdO0iBqPXDhcM693HtPIBhV2nE+raXlldW19dJGeXNre2e3srffVnEiMWnhmMWyG4AijEakpalmpCskAR4w0gnGN5nfmRCpaBzd66kgPodhREOKQRvJ98YgBPS9IXAO/UrVqTk57EXiFqSKCjT7lQ9vEOOEk0hjBkr1XEdoPwWpKWZkVvYSRQTgMQxJz9AIOFF+mh89s4+NMrDDWJqKtJ2rPydS4EpNeWA6OeiR+utl4n9eL9HhpZ/SSCSaRHi+KEyYrWM7S8AeUEmwZlNDAEtqbrXxCCRgbXIq5yFcZTj/fnmRtE9r7lmtflevNq6LOEroEB2hE+SiC9RAt6iJWgijB/SIntGLNbGerFfrbd66ZBUzB+gXrPcv8yCSWw==</latexit>

· · ·

Hyper-parameters

Priors

Likelihood

X:

Xi
<latexit sha1_base64="xcGikyfNnTR5mNWziL8kFm2vhzk="></latexit>

j = q1 + 1, . . . , q
<latexit sha1_base64="scNWYiaM5vVA6WvQjDb/eOxtk4E="></latexit>

j = q1 + 1, . . . , q
<latexit sha1_base64="scNWYiaM5vVA6WvQjDb/eOxtk4E="></latexit>

j = 1, . . . , q1
<latexit sha1_base64="Z9W3wsbhqKzpTK6Q6MAiCnwJlI8="></latexit>

j = 1, . . . , q1
<latexit sha1_base64="Z9W3wsbhqKzpTK6Q6MAiCnwJlI8="></latexit>

j = 1, . . . , p1
<latexit sha1_base64="yFAGtzKNS4tbMPt+bd/PpY1BZ78="></latexit>

j = p1 + 1, . . . , p
<latexit sha1_base64="icptMvLm03MCljKS14QMUqaEk2E="></latexit>

⇠⇡`j
<latexit sha1_base64="c4DwVKP0p90T4uFSZ5edvNgWD48="></latexit>

⌧⇡`j
<latexit sha1_base64="t+uinegcduQTJiAPgaYZBx+ZiKA="></latexit>

⇢⇡
<latexit sha1_base64="P9gytFs6Wt7l9P1Tzb8Ly4ztU90="></latexit>

a⇡⇢ , b
⇡
⇢

<latexit sha1_base64="LQQYP4m2vVFxCSZ0NDtTKVS5JjQ="></latexit>

⌧k0
<latexit sha1_base64="ZF76lK8YFsoG3SWSm+7vebQ3+tc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKez6QI9BLx4jmIckS5idzCZDZmaXmV4hLPkKLx4U8ernePNvnCR70MSChqKqm+6uMBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNHGqKWvQWMS6HRLDBFesgRwFayeaERkK1gpHt1O/9cS04bF6wHHCAkkGikecErTSYxdJ2stG3qRXrnhVbwZ3mfg5qUCOeq/81e3HNJVMIRXEmI7vJRhkRCOngk1K3dSwhNARGbCOpYpIZoJsdvDEPbFK341ibUuhO1N/T2REGjOWoe2UBIdm0ZuK/3mdFKPrIOMqSZEpOl8UpcLF2J1+7/a5ZhTF2BJCNbe3unRINKFoMyrZEPzFl5dJ86zqn1cv7y8qtZs8jiIcwTGcgg9XUIM7qEMDKEh4hld4c7Tz4rw7H/PWgpPPHMIfOJ8/2z2Qcw==</latexit>

Zi
<latexit sha1_base64="On+j5UUIeeA22DeZh3dtaboJCU4="></latexit> Zi0

<latexit sha1_base64="tnLEsHA7Gwa2SuI6QjDPjCIaGHw="></latexit>

(a✓, b✓)
<latexit sha1_base64="hKAy1ZcFDtHsxtE9gkyq0fSBQp0="></latexit>

(a , b )
<latexit sha1_base64="YRodAOGK7EL7+FEd2nDfPvl9pCs="></latexit>

�⌫kj
<latexit sha1_base64="jf7Gfy2SU8n/TBoyeYd73T5JcLE=">AAAB+HicbVDLSsNAFJ34rPXRqEs3wSK4KokWH7uiG5cV7AOaGCbTSTt2ZhLmIdTQL3HjQhG3foo7/8ZJWkStBy4czrmXe++JUkqkct1Pa2FxaXlltbRWXt/Y3KrY2zttmWiBcAslNBHdCEpMCcctRRTF3VRgyCKKO9HoMvc791hIkvAbNU5xwOCAk5ggqIwU2hV/ABmDYTa6m9z6XId21a25BZx54s1IFczQDO0Pv58gzTBXiEIpe56bqiCDQhFE8aTsa4lTiEZwgHuGcsiwDLLi8IlzYJS+EyfCFFdOof6cyCCTcswi08mgGsq/Xi7+5/W0is+CjPBUK8zRdFGsqaMSJ0/B6ROBkaJjQyASxNzqoCEUECmTVbkI4TzHyffL86R9VPOOa/XrerVxMYujBPbAPjgEHjgFDXAFmqAFENDgETyDF+vBerJerbdp64I1m9kFv2C9fwFF8JOh</latexit>

⌧⌫kj
<latexit sha1_base64="6hEUPJeSebYxM+xSa9jx/aimGdc=">AAAB9HicbVDLSsNAFL3xWeur6tJNsAiuSqLFx67oxmUF+4Amlsl00o6dTOI8CiX0O9y4UMStH+POv3GSFlHrgQuHc+7l3nuChFGpHOfTWlhcWl5ZLawV1zc2t7ZLO7tNGWuBSQPHLBbtAEnCKCcNRRUj7UQQFAWMtILhVea3RkRIGvNbNU6IH6E+pyHFSBnJ9xTS3XR4P7nzuO6Wyk7FyWHPE3dGyjBDvVv68Hox1hHhCjMkZcd1EuWnSCiKGZkUPS1JgvAQ9UnHUI4iIv00P3piHxqlZ4exMMWVnas/J1IUSTmOAtMZITWQf71M/M/raBWe+ynliVaE4+miUDNbxXaWgN2jgmDFxoYgLKi51cYDJBBWJqdiHsJFhtPvl+dJ87jinlSqN9Vy7XIWRwH24QCOwIUzqME11KEBGB7gEZ7hxRpZT9ar9TZtXbBmM3vwC9b7F2HJkqM=</latexit>

⇠⌫kj
<latexit sha1_base64="v5WF/encQ1k6kpLck4oetWJENSQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRItPnZFNy4r2Ac0sUymk3bsZBLmIZbQ33DjQhG3/ow7/8ZJWkStBy4czrmXe+8JEkalcpxPq7CwuLS8Ulwtra1vbG6Vt3daMtYCkyaOWSw6AZKEUU6aiipGOokgKAoYaQejy8xv3xMhacxv1DghfoQGnIYUI2Ukz3ugvXR0N7n1uO6VK07VyWHPE3dGKjBDo1f+8Pox1hHhCjMkZdd1EuWnSCiKGZmUPC1JgvAIDUjXUI4iIv00v3liHxilb4exMMWVnas/J1IUSTmOAtMZITWUf71M/M/rahWe+SnliVaE4+miUDNbxXYWgN2ngmDFxoYgLKi51cZDJBBWJqZSHsJ5hpPvl+dJ66jqHldr17VK/WIWRxH2YB8OwYVTqMMVNKAJGBJ4hGd4sbT1ZL1ab9PWgjWb2YVfsN6/AJi+kjA=</latexit>

⇢⌫
<latexit sha1_base64="3UO4tm01iC/CHvrfeyFRa54IDqM=">AAAB73icbVDLSsNAFL3xWeur6tLNYBFclUSLj13RjcsK9gFNLJPppB06mYkzE6GE/oQbF4q49Xfc+TcmaRC1HrhwOOde7r3HjzjTxrY/rYXFpeWV1dJaeX1jc2u7srPb1jJWhLaI5FJ1fawpZ4K2DDOcdiNFcehz2vHHV5nfeaBKMyluzSSiXoiHggWMYJNKXVeN5J0r4n6latfsHGieOAWpQoFmv/LhDiSJQyoM4VjrnmNHxkuwMoxwOi27saYRJmM8pL2UChxS7SX5vVN0mCoDFEiVljAoV39OJDjUehL6aWeIzUj/9TLxP68Xm+DcS5iIYkMFmS0KYo6MRNnzaMAUJYZPUoKJYumtiIywwsSkEZXzEC4ynH6/PE/axzXnpFa/qVcbl0UcJdiHAzgCB86gAdfQhBYQ4PAIz/Bi3VtP1qv1NmtdsIqZPfgF6/0LR2+QRA==</latexit>

covariates W: 

Fig. S6: The directed acyclic graph (DAG) representing the structure of the model likelihood
and prior. The quantities in squares are either data or hyperparameters; the unknown quantities
are shown in the circles. The arrows connecting variables indicate that the parent parameterizes
the distribution of the child node (solid lines) or completely determines the value of the child
node (dotted arrows). The rectangular “plates” where the variables are enclosed indicate that
a similar graphical structure is repeated over the index; The index in a plate indicate subjects,
causes, covariates or subclasses.
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