Zero-inflated negative binomial mixed model: An application to two microbial organisms important in Esophagitis
Online material
Microbiome identification
DNA from all samples was extracted using Qiagen DNAeasy Extraction Kits for blood and tissue according to manufacturer’s specifications (Qiagen, Valencia, CA). DNA was amplified in triplicate with barcoded PCR primers that include adaptors for the Roche 454 sequencing platform (Hamady et al. 2008) . Negative PCR controls were performed for each barcode, and PCR was repeated for any sample where the negative control was positive. Amplicons were pooled after normalization of DNA concentration (Harris et al. 2010), and sequenced using the Roche 454 FLX platform according to manufacturer’s specifications (Roche, Branford, CT). Sequence data were assigned to samples of origin using bar code sequences added during PCR, and screened for basic quality defects (short sequences < 200 nucleotides in length, >1 sequence ambiguity, best read with quality ≥20 over a 10-nucleotide moving window) by the program BARTAB (Frank 2009). Non-bacterial sequences were removed from datasets by requiring a close match with a bacterial rRNA secondary structure model within Infernal (Nawrocki 2009). Sequences identified as potential chimeras by ChimeraSlayer (Haas et al. 2011) were also removed from datasets. The Ribosomal Database Project Classifier software was used to make taxonomic assignments (Wang et al. 2007). Taxonomic information was used to construct sequence groups with identical taxonomic rank.
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SAS code
/*********************/
/*********************/
/*			   */	
/*			   */			
/*    HAEMOPHILUS    */
/*			   */			
/*			   */			
/*********************/
/*********************/

/* Run genmod without random effects to obtain initial parameter estimates for NLMIXED*/
proc genmod data=in.EOE_2015_06_25;
	where last='Haemophilus';
model r=string nasal oral ppi steroid eoe gerd eos_15 eoe*ppi eoe*string eoe*nasal eoe*oral denver/dist=zinb  offset=ltotal;
run;

/*ZINB*/
/* independent random effects */
proc sort data=in.EOE_2015_06_25;
	by Subject;
run;
proc nlmixed data=in.EOE_2015_06_25;
	where last='Haemophilus';
	/* Specify initial parameter estimates */
parms b0=-3 b1=0 b2=-2 b3=0.1 b4=.5 b5=-0.2 b6=.2 b7=-.6 b8=.1 b9=-.8 b10=.4 b11=.5 b12=.4
	c0=-12 c1=3   c4=1 k=1 su=.2 sv=2;
	bounds su  > 0;
	vu=su*su;
	vv=sv*sv;

	/* define linear function for count part of model */
eta = b0 + b1*string + b2*nasal + b3*oral + b4*ppi + b5*steroid + b6*EoE + b7*GERD + b8*eos_15 + b9*eoe*ppi + b10*eoe*string + b11*eoe*nasal + b12*eoe*oral + ltotal + ui;
	lambda = exp(eta);

/* define linear function for ZI part of model */
	eta_p = c0  + c1*GERD +  c4*ltotal + vi;
	pi = 1/(1+exp(-eta_p));

	/* define ZINB log likelihood */
loglike=lgamma(r + 1/k) -lgamma(r + 1) -lgamma(1/k) + r*log(k*lambda) - (r + 1/k)*log(1 + k*lambda);
	if r=0 then pdf= pi + (1-pi)*exp(loglike);
	else pdf = (1-pi)*exp(loglike);
	if pdf > 1e-8 then loglike2=log(pdf);
	else loglike2 = -1e20;

	model r ~ general (loglike2);
	random ui vi  ~ normal ([0,0], [vu, 0, vv]) subject=Subject;

	/* estimate LSmeans and perform comparisons*/
	estimate 'untrt EoE string' exp (b0 + b1 + b6 + b10 + 0.3*b8);
estimate 'ppi EoE string' exp (b0 + b1 + b4 + .22*b5 + b6 + b9 + b10 + 0.3*b8);
	estimate 'normal string' exp(b0 + b1 + 0.3*b8 +.44*b4 +.22*b5);
	estimate 'untrt EoE biopsy' exp(b0 + b6 + 0.3*b8);
	estimate 'normal biopsy' exp(b0 + 0.3*b8 +.44*b4 +.22*b5);
	estimate 'untrt EoE oral' exp(b0 + b3 + b6 + b12 + 0.3*b8);
	estimate 'normal oral' exp(b0 + b3 + 0.3*b8 +.44*b4 +.22*b5);
	estimate 'untrt EoE nasal' exp(b0 + b2 + b6 + b11 + 0.3*b8);
	estimate 'normal nasal' exp(b0 + b2 + 0.3*b8 +.44*b4 +.22*b5);

estimate 'untrt EoE string2' exp ((1-(1/(1+exp(-c0 + c4))))*(b0 + b1 + b6 + b10 + 0.3*b8));
estimate 'normal string2' exp((1-(1/(1+exp(-c0 + c4))))*(b0 + b1 + 0.3*b8 +.44*b4 +.22*b5));
estimate 'untrt EoE biopsy2' exp ((1-(1/(1+exp(-c0 + c4))))*(b0 + b6 + 0.3*b8));
estimate 'normal biopsy2' exp((1-(1/(1+exp(-c0 + c4))))*(b0 + 0.3*b8 +.44*b4 +.22*b5));

	contrast 'eoe vs normal string0' b6 + b10 -.44*b4 -.22*b5;
	contrast 'eoe vs normal string1' b6 + b10;
	contrast 'eoe vs normal biopsy' b6;
	contrast 'eoe vs normal oral' b6 + b12;
	contrast 'eoe vs normal nasal' b6 + b11;
	ods output AdditionalEstimates=fig2;
run;

/*NB*/
proc nlmixed data=in.EOE_2015_06_25;
	where last='Haemophilus';
[bookmark: _GoBack]parms b0=-3 b1=0 b2=-2 b3=0.2 b4=.8 b5=-0.4 b6=.8 b7=-.6 b8=.1 b9=-.8 b10=.2 b11=.1 b12=.1
	k=1 su=.2;
	bounds su  > 0;
	vu=su*su;

	/* define linear function for count part of model */
eta = b0 + b1*string + b2*nasal + b3*oral + b4*ppi + b5*steroid + b6*EoE + b7*GERD + b8*eos_15 + b9*eoe*ppi + b10*eoe*string + b11*eoe*nasal + b12*eoe*oral + ltotal + ui;
	lambda = exp(eta);

	/* define ZINB log likelihood */
loglike=lgamma(r + 1/k) -lgamma(r + 1) -lgamma(1/k) + r*log(k*lambda) - (r + 1/k)*log(1 + k*lambda);

	model r ~ general (loglike);
	random ui  ~ normal (0, vu) subject=Subject;
	predict lambda out=nb_r ;

run;




/* Correlated random effects */
proc nlmixed data=in.EOE_2015_06_25;
	where last='Haemophilus';
parms b0=-3 b1=0 b2=-2 b3=0.1 b4=.5 b5=-0.2 b6=.2 b7=-.6 b8=.1 b9=-.8 b10=.4 b11=.5 b12=.4
	c0=-4 k=1 su=.2 sv=1.8 cov=.1;
	bounds su cov > 0;
	vu=su*su;
	vv=sv*sv;

	/* define linear function for count part of model */
eta = b0 + b1*string + b2*nasal + b3*oral + b4*ppi + b5*steroid + b6*EoE + b7*GERD + b8*eos_15 + b9*eoe*ppi + b10*eoe*string + b11*eoe*nasal + b12*eoe*oral + ltotal + ui;
	lambda = exp(eta);

/* define linear function for ZI part of model */
	eta_p = c0  + vi;
	pi = 1/(1+exp(-eta_p));

	/* define ZINB log likelihood */
loglike=lgamma(r + 1/k) -lgamma(r + 1) -lgamma(1/k) + r*log(k*lambda) - (r + 1/k)*log(1 + k*lambda);
	if r=0 then pdf= pi + (1-pi)*exp(loglike);
	else pdf = (1-pi)*exp(loglike);
	if pdf > 1e-8 then loglike2=log(pdf);
	else loglike2 = -1e20;

	model r ~ general (loglike2);
random ui vi  ~ normal ([0,0], [vu, cov, vv]) subject=Subject;
run;


/*********************/
/*********************/
/*			   */	
/*			   */			
/*   Fusobacterium   */
/*			   */			
/*			   */			
/*********************/
/*********************/
/* Run genmod without random effects to obtain initial parameter estimates for NLMIXED*/

proc genmod data=in.EOE_2015_06_25;
	where last='Fusobacterium' and type ne 'B';
model r= eoe string nasal steroid denver denver*steroid/type3 dist=zinb  offset=ltotal;
	zeromodel eoe ppi denver  ;
run;

/*ZINB*/
/* independent random effects */
proc sort data=in.EOE_2015_06_25;
	by Subject;
run;
proc nlmixed data=in.EOE_2015_06_25;
	where last='Fusobacterium' and type in ('O' 'S' 'N');
	/* Specify initial parameter estimates */
	parms b0=-4 b1=.1 b2=-.2 b3=-2 b4=-1 b5=.5 b6=1 
	c0=.3 c1=-6 c2=-22 c3=-3 k=1.2 su=.2 sv=.0001; 

	bounds su sv >= 0;
	vu=su*su;
	vv=sv*sv;

	/* define linear function for count part of model */
eta = b0 + b1*eoe + b2*string + b3*nasal + b4*steroid + b5*denver + b6*steroid*denver + ltotal + ui;
	lambda = exp(eta);

/* define linear function for ZI part of model */
	eta_p = c0  + c1*eoe + c2*ppi + c3*denver +vi;
	pi = 1/(1+exp(-eta_p));

	/* define ZINB log likelihood */
loglike=lgamma(r + 1/k) -lgamma(r + 1) -lgamma(1/k) + r*log(k*lambda) - (r + 1/k)*log(1 + k*lambda);
	if r=0 then pdf= pi + (1-pi)*exp(loglike);
	else pdf = (1-pi)*exp(loglike);
	if pdf > 1e-8 then loglike2=log(pdf);
	else loglike2 = -1e20;

	model r ~ general (loglike2);
	random ui vi  ~ normal ([0,0], [vu, 0, vv]) subject=Subject;
run;

/*ZINB*/
/* remove ZI random effect */
proc nlmixed data=in.EOE_2015_06_25;
	where last='Fusobacterium' and type in ('O' 'S' 'N');
	parms b0=-4 b1=.1 b2=-.2 b3=-2 b4=-1 b5=.5 b6=1 
	c0=.3 c1=-6 c2=-22 c3=-3 k=1.2 su=.2 ; 

	bounds su >= 0;
	vu=su*su;

	/* define linear function for count part of model */
eta = b0 + b1*eoe + b2*string + b3*nasal + b4*steroid + b5*denver + b6*steroid*denver + ltotal + ui;
	lambda = exp(eta);

/* define linear function for ZI part of model */
	eta_p = c0  + c1*eoe + c2*ppi + c3*denver ;
	pi = 1/(1+exp(-eta_p));

	/* define ZINB log likelihood */
loglike=lgamma(r + 1/k) -lgamma(r + 1) -lgamma(1/k) + r*log(k*lambda) - (r + 1/k)*log(1 + k*lambda);
	if r=0 then pdf= pi + (1-pi)*exp(loglike);
	else pdf = (1-pi)*exp(loglike);
	if pdf > 1e-8 then loglike2=log(pdf);
	else loglike2 = -1e20;

	model r ~ general (loglike2);
	random ui ~ normal (0, vu) subject=Subject;

	
/* estimate LSmeans and perform comparisons*/
	estimate 'S chicago nosteroid' exp(b0 + 0.5*b1 + b2);
	estimate 'S chicago steroid' exp(b0 + 0.5*b1 + b2 + b4);
	estimate 'S Denver nosteroid' exp(b0 + 0.5*b1 + b2 + b5);
	estimate 'S Denver steroid' exp(b0 + 0.5*b1 + b2 + b4 + b5 + b6);

	contrast 'S denver steroid  vs nonsteroid' b4 + b6;
	contrast 'S chicago steroid  vs nonsetroid' b4;
	contrast 'S nonsteroid denver vs chicago'  b5;
	contrast 'S steroid denver vs chicago' b5 + b6;
	contrast 'string vs nasal' b2 -b3; 

	ods output AdditionalEstimates=fig3;
run;

/*NB*/
proc nlmixed data=in.EOE_2015_06_25;
	where last='Fusobacterium' and type in ('O' 'S' 'N');
	parms b0=-4 b1=.1 b2=-.2 b3=-2 b4=-1 b5=.5 b6=1 
	k=.8 su=.2 ;
	bounds su  > 0;
	vu=su*su;

	/* define linear function for count part of model */
eta = b0 + b1*eoe + b2*string + b3*nasal + b4*steroid + b5*denver + b6*steroid*denver + ltotal + ui;
	lambda = exp(eta);

	/* define ZINB log likelihood */
loglike=lgamma(r + 1/k) -lgamma(r + 1) -lgamma(1/k) + r*log(k*lambda) - (r + 1/k)*log(1 + k*lambda);

	model r ~ general (loglike);
	random ui  ~ normal (0, vu) subject=Subject;
run;
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