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transplants outpaces the available supply. Each year, over 
3,000 patients remain on waitlists for a heart transplant (3). 
In 2021, a 38-year-old patient with rapidly progressing heart 
failure had to wait seven months before getting surgery (4). 
To address growing shortages and waiting times, researchers 
have been investigating xenotransplantation as an alternative 
to traditional heart transplantation.
	 Xenotransplantation is an emerging field studying the 
transfer of animal cells, tissues, and organs into humans. For 
decades, scientists have tried devising methods to prolong 
xenograft survival to match the efficacy of regular transplants 
(5). Regarding genetics, there is one main consideration: the 
genotype of the donor organ. By genetically engineering pig 
embryos, researchers can remove animal epitopes and insert 
genes that express human membrane proteins to mitigate 
the immune response (5). For example, the expression of the 
galactose epitope on porcine cells can be eliminated by using 
galactosyltransferase gene knockout (GTKO), greatly reducing 
hyperacute rejection. Similarly, inserting thrombomodulin 
(TBM), a gene encoding a protein responsible for regulating 
coagulation, and CD46, a gene which encodes a human 
complement regulatory protein, lowers the risk of blood clots 
and reduces the inflammatory response (6, 7). In this study, 
we choose to evaluate the effects of single-transgenic GTKO 
organs, double transgenic GTKO+CD46 organs, and triple 
transgenic GTKO+CD46+TBM organs since these genotypes 
are the most well-documented and studied (5). 
	 Regarding drugs, four main treatments have been used 
to modulate the immune response and mitigate external 
complications: calcineurin inhibitors and mTOR regulators 
(CNI/mTOR regulators), anti-CD40 (αCD40) or anti-CD154 
(αCD154) monoclonal antibodies, cobra venom factor 
(CVF), and supportive drugs (5). CNI/mTOR regulators form 
immunophilin complexes with specific FKBP proteins. This 
disrupts downstream phosphorylation and interferes with 
the signaling and transcription of IL2 and other cytokines 
important for T-cell activation (8). αCD40 and αCD154 
interfere with the CD40-CD40L signaling pathway by 
blocking the interaction between CD40 and CD40L, which is 
crucial for T-cell activation and inflammatory responses (9). 
CVF is a C3b protein analog that releases anaphylatoxins to 
cause complement immune depletion (10). Supportive drugs 
typically consist of antimicrobials such as ganciclovir and 
cefazolin, which are administered prophylactically to mitigate 
the risk of opportunistic infections in post-transplantation (11). 
Epogen, another support drug, is also administered to combat 
anemia by stimulating red blood cell production (12). It is 
frequently administered in preclinical renal xenografts, where 
anemia is a persistent issue despite porcine erythropoietin 
production (13). Instead of regulating the immune system 
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researchers to explore cardiac xenotransplantation, 
animal-to-human heart transplants, as a potential 
solution. Different gene modifications, drug therapies, 
and procedures have been tested on primates in 
preclinical xenotransplant survival studies to mitigate 
immune activity and organ rejection. However, 
such studies examine only a few factors in isolated 
settings. A synthetic study combining individual 
trials is needed to simultaneously evaluate multiple 
key factors associated with xenograft survival in a 
broader context. We hypothesized that more genetic 
modifications to the donor organ, immunosuppressive 
regimens with calcineurin regulators, mTOR 
regulators, αCD154 antibodies, cobra venom factor 
(CVF), and prophylactic supportive drugs, and 
transplant procedures involving nonischemic heart 
preservation and heterotopic surgery all extend 
xenograft survival time. Preclinical data were 
compiled from published studies and analyzed using 
negative binomial mixed models. Overall, triple 
transgenic hearts significantly outperformed single 
and double transgenic genotype hearts. Calcineurin/
rapamycin regulators increased survival, while 
αCD154 antibodies, CVF, and supportive drugs had 
insignificant effects. Heterotopic transplants and 
non-ischemic heart preservation extend survival 
compared to orthotopic transplants and static cold 
storage. By consolidating nearly two decades of 
research, these findings can serve as a reference for 
developing an optimal immunosuppression regimen 
for future human testing. Further research should 
investigate additional gene combinations, refine drug 
regimens and dosages, and optimize non-ischemic 
heart preservation and other transplant procedures. 
Accelerating the development of a working human 
xenotransplant model can limit unnecessary animal 
testing and end the organ shortage.

INTRODUCTION
	 Heart failure is a rapidly growing healthcare concern. In 
2023, the number of heart failure diagnoses for U.S. adults 
was 6.7 million, a number which is expected to reach 8.5 
million by 2030 (1). This has resulted in a continued increase 
in heart transplants, which remain the best treatment for end-
stage heart failure (2). Unfortunately, the demand for heart 
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directly, they serve as prophylactic treatments against post-
transplant complications.
	 Regarding procedures, there are two main considerations: 
organ preservation and transplantation technique. When 
transferring the donor organ to the recipient, doctors must 
decide whether to use static cold storage (SCS) by keeping the 
organ chilled with ice or do non-ischemic heart preservation 
(NIHP) by actively perfusing the organ with an oxygenated 
preservation solution using an external device (5). Doctors must 
also decide whether to conduct an orthotopic xenotransplant 
(OXTx) or a heterotopic xenotransplant (HXTx). In OXTx, 
doctors remove the native heart entirely and attach the new 
donor heart, but in HXTx, doctors leave the native heart within 
the recipient and attach the donor organ in parallel (14). For 
over a decade, HXTx has been the predominant method for 
preclinical xenotransplantation studies, in part due to reduced 
costs, complexity, and increased safety if the donor organ is 
rejected (15).  
	 Several meta-analyses have analyzed the associations 
between experimental factors like drug or gene combinations 
and survival time in lung and kidney xenotransplants (16, 17). 
However, to the best of our knowledge, no similar analysis 
has been carried out on heart xenografts. Additionally, 
recent developments in the literature on pig-to-primate heart 
transplantation mostly describe only a few factors in isolated 
settings (5). There is a need to conduct a comprehensive 
study to reflect the progress made, simultaneously examine 
multiple key factors associated with xenograft survival, and 
improve our understanding of xenograft rejection in a broader 
context. 
	 Our study aims to evaluate the association between genetic, 
drug, and procedural factors and xenograft survival based 
on up-to-date experimental studies involving GTKO pig-to-
primate heart transplants. Specifically, we tested three main 
hypotheses. In preclinical snapshot studies, both double and 
triple transgenic hearts significantly outperformed standard 
GTKO hearts, indicating a strong association with patient life 
expectancy (6, 7, 18). Therefore, our first hypothesis predicted 
that both triple transgenic GTKO+CD46+TBM genotype hearts 
and double transgenic GTKO+CD46 genotype hearts would 
be associated with increased survival compared to standard 
GTKO pig hearts. Next, we observed that researchers 
frequently incorporated CNI/mTOR regulators, αCD40, and 
CVF into immunosuppression regimens in order to mitigate 
the risk of hyperacute and antibody-mediated rejection (19-
21). Similarly, the administration of prophylactic support 
drugs is frequently done to mitigate the risk of post-transplant 
infections and anemia, thereby increasing patient survival 
time (12). Thus, for our second hypothesis, we expected 
CNI/mTOR regulators, αCD154, CVF, and prophylactic 
supportive drugs to be associated with longer xenograft 
survival compared to regimens that include αCD40 but lack 
other specific drug therapies. Finally, the literature suggests 
that HXTx is used more extensively and outperforms OXTx 
in preclinical cardiac xenotransplants, and NIHP has seen 
similarly impressive results despite being a relatively recent 
medical innovation (22-25). Therefore, we hypothesized that 
transplant procedures involving NIHP and HXTx would extend 
xenograft survival compared to procedures using ischemic 
heart preservation and orthotopic surgery. 
	 Cardiac xenograft data were compiled from published 
studies and analyzed using a negative binomial mixed model 

(NBMM). We found that GTKO+CD46+TBM genotype hearts 
significantly outperformed GTKO and GTKO+CD46 genotype 
hearts. CNI/mTOR regulators significantly increased survival, 
whereas αCD154 provided no advantage over αCD40. CVF 
and supportive drugs had negligible effects, and both HXTx 
and NIHP extended survival compared to OXTx and SCS 
respectively. Ultimately, understanding the relative efficacy 
of these major treatments can highlight optimal strategies for 
further enhancing xenotransplantation outcomes and guide 
the development of new strategic and scientific approaches.

RESULTS
	 We conducted a literature search in Google Scholar, 
PubMed, and ScienceDirect to compile heart xenograft 
survival data. Our analytical dataset comprised 116 trials and 
15 studies from 2005 to 2024 (Table 1) (19, 22-24, 26-36). 
We evaluated seven factors: organ genotypes, CNI/mTOR 
regulators, monoclonal antibodies, CVF, supportive drugs, 
surgical techniques, and heart preservation techniques. We 
provided boxplot statistics for cardiac xenograft survival days 
for these seven genetic, drug, and procedural factors (Figure 
1). The cardiac xenograft survival had a mean of 96.8 days, 
a median of 57.5 days and a range of 0 to 945 days. There 
was substantial variation in average survival days amongst 
subgroups within each factor included in this study, ranging 
from 34.8 to 133.5 days.
	 We constructed a NBMM for cardiac xenograft survival 
days to account for significant overdispersion in the data. 
Additionally, NBMMs are designed for count data and 
modeled with random effects to mitigate bias induced by drug 
regimen differences, time-variant variables, and other study-
specific factors by accounting for the correlation between 
trials from the same study. This enabled us to generalize our 
findings and quantify relative effects on a larger scale. 

Table 1: Cardiac xenograft survival study list. 15 studies, ranging 
from 2005 to 2020, were screened for trial survival data. Trials with 
missing or inadequate survival data and trials with additional factors 
that could not be analyzed were removed from the final analytical 
dataset as outlined in the Materials and Methods section.
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	 After running the NBMM, we summarized the statistical 
associations between seven genetic, drug, and procedural 
factors and cardiac xenograft survival days. Survival period 
extensions compared to reference groups were calculated 
by exponentiating regression coefficients (RC) since NBMMs 
are logarithmic. In the genetic group, triple-transgenic 
organs were associated with increased survival compared 
to single-transgenic GTKO organs (RC = 1.49, p = 0.011). 
This is equivalent to extending the survival period by a factor 
of 4.44. Double transgenic organs were only marginally 
significant (RC = 0.78, p = 0.080).  In the drug group, CNI/
mTOR regulators were strongly associated with survival (RC 
= 1.06, p = 0.021), the same as extending the survival period 
by 2.90 times. Using αCD154 instead of αCD40 provided no 
major advantage (RC = 0.14, p = 0.648). CVF (RC = 0.05, p = 
0.959) and supportive drugs (RC = 0.38, p = 0.614) also did 
not significantly prolong the days survived. In the procedural 
group, HXTx significantly outperformed OXTx (RC = 2.20, p 
= 0.023), equivalent to extending the recipients’ survival by 
9.03 times. Compared to SCS, NIHP was also associated 
with survival (RC = 1.18, p = 0.006), equivalent to prolonging 
xenograft survival by a factor of 3.27. 

DISCUSSION
	 In this study, we evaluated three main hypotheses 
concerning factors that influence cardiac xenograft survival. 
First, triple and double transgenic hearts were expected to 
outperform standard GTKO hearts. Second, the use of CNI/
mTOR inhibitors, CVF, and supportive drugs was anticipated 
to enhance graft survival, with αCD154 predicted to be 
more effective than an αCD40-based regimen. Third, we 
hypothesized that NIHP and HXTx preservation strategies 
would improve survival outcomes compared to SCS and 
OXTx. Overall, we found that triple transgenic organs, CNI/
mTOR regulators, HXTx, and NIHP were the most crucial 
factors for extending patient survival. Conversely, single and 
double transgenic organs, CVF, supportive drugs, OXTx, 
and SCS did not show a significant effect. While all trials 
used monoclonal antibodies, trials with αCD154 and αCD40 
showed similar outcomes. 
	 Triple transgenic organs with GTKO, CD46, and TBM gene 
edits significantly extended cardiac xenotransplant survival 
compared to the single transgenic GTKO organ. However, 
double transgenic organs with GTKO and CD46 were only 
marginally significant. Our findings are generally consistent 
with literature. Individually, the insertion of human TBM and 
CD46 have been observed to mitigate organ rejection (6, 
7, 18). However, we speculate that GTKO and CD46 organ 
gene modifications alone may not sufficiently counteract the 
immune response. Our reduced analysis, when other factors 
are not controlled for, showed that double transgenic organs 
with GTKO and CD46 are significant predictors of survival. 
This might explain the preclinical success of CD46 modified 
donor organs in a snapshot setting but indicates that even 
two gene edits of GTKO and CD46 together are insufficient. 
Our findings support the transgenic strategy of incorporating 
multiple gene edits. This matches previously observed trends 
in lung xenotransplants, where xenotransplants with more 
gene edits roughly correlated to longer recipient survival 
times (17). Over the last 30 years, researchers have been 
experimenting with different gene combinations, including but 
not limited to CD46, CD55, CD59, CD37, GTKO, and TBM. 
Recent studies utilizing sextuple transgenic xenotransplants 
reported survival past nine months, which is an exponential 
increase in life expectancy (37). New insights gained from 
human and ex vivo trials can further our understanding of 
gene therapy in the context of preclinical and future clinical 
investigations.
	 For drug therapies, CNI/mTORs significantly increase 
cardiac xenotransplant survival. Literature on this matter is 
generally consistent with this observation. By itself, CNIs can 
induce nephrotoxicity, which is why they are almost always 
administered together with mTOR regulators (38). In mon-
key renal allografts studies, CNI/mTOR regulators such as 
tacrolimus and sirolimus, and corticosteroid-based immuno-
suppression regimens significantly prolonged survival (20). 
Furthermore, mTOR regulators have been shown to prevent 
overgrowth of the donor heart (22, 36). For these reasons, we 
believe these medications are an indispensable component 
of an optimized immunosuppression regimen for human tri-
als. Future research should continue to optimize dosages and 
test the viability of other CNI/mTOR regulator combinations. 
	 All cardiac xenograft trials contained monoclonal anti-
bodies. However, using αCD154 did not significantly extend 
cardiac xenograft survival compared to using αCD40. Our 

Figure 1: Boxplots for cardiac xenograft survival days by 
associated factors.  Mins, Q1, medians, means, Q3, and maxes 
were reported graphically for all 116 trials analyzed in this study. 
Inside the box, the vertical bar represents the median, and the circle 
represents the mean. GTKO: galactosyltransferase gene knockout; 
TBM: thrombomodulin insertion; CNI/mTOR: calcineurin/rapamycin 
regulators; monoclonal antibodies: αCD154 and αCD40; CVF: cobra 
venom factor; supportive drugs: ganciclovir, cefazolin, epogen; 
HXTx: heterotopic xenotransplant; OXTx: orthotopic xenotransplant; 
NIHP: nonischemic heart preservation; SCS: static cold storage (19, 
22-24, 26-36).
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findings are unexpected as although both antibodies target 
the same mechanism, preclinical evidence appears to favor 
αCD154 for longer survival (19, 23, 39). However, previous 
reports have indicated that αCD154 usage is associated with 
thrombocytopenia, bleeding, and other complications ab-
sent in trials using αCD40 (19, 27). This suggests a tradeoff 
between overall survival time and health quality during the 
survival period. Future xenotransplantation studies should 
thoroughly compare the effects of αCD154 and αCD40 and 
investigate whether dual administration mitigates such health 
tradeoffs.
	 Unexpectedly, CVF did not significantly prolong cardiac 
xenograft survival. In rat and mouse models, CVF delayed 
host death by a few days to a week but did not prevent 
antibody-mediated rejection (21, 40, 41). We suspect that 
transgenic donor organs make complement depletion via 
CVF mostly redundant. Specifically, previous literature 
discussed how embedding human transgenes like CD46 can 
disrupt the complement system by preventing C3b deposition, 
reducing B and T cell activity and preventing the formation 
of the membrane attack complex (42). This may explain why 
our results show no significance compared to significant 
prolongation observed in older animal studies with fewer 
organ gene modifications (41). Overall, we believe the effect 
of CVF in drug regimens is minimal when utilizing multigene-
edited pig hearts. Researchers should instead focus on 
refining targeted antibody therapies, CNI/mTOR regulators 
treatments, and organ gene modifications to substantially 
improve recipient survival.
	 Unexpectedly, supportive drugs showed no significant 
impact on cardiac xenograft survival. Recent literature on 
these drugs in the context of xenotransplants is scarce. 
One study highlighted the reduced efficacy of ganciclovir, 
cefazolin, and similar prophylactic treatments in pig-to-
baboon xenotransplants, further noting evidence of in 
vitro toxicity depending on the dosage (12). Epogen is not 
approved for human heart surgery by the Food and Drug 
Administration, and its unofficial use as a substitute for 
traditional blood transfusions has yielded mixed results (43). 
We suspect that using lab-raised animals and eliminating 
endogenous retroviruses via CRISPR technology have 
lowered overall infection risks, which might explain the 
statistically insignificant effect of prophylactic treatment (44). 
The effect of epogen on cardiac xenografts is still inconclusive 
and warrants further investigation. Future research is needed 
to further our understanding of epogen and antimicrobials in 
the context of recent xenotransplant advances.
	 Amongst transplantation procedures, HXTx significantly 
prolonged xenograft survival compared to OXTx. This finding 
is generally consistent with literature. OXTx was observed 
to be associated with early perioperative cardiac xenograft 
dysfunction in previous studies (15). In our view, currently 
established HXTx models are safer than OXTx alternatives 
in preclinical settings where the native recipient heart is still 
functional. However, this does not mean OXTx models should 
be discarded. An OXTx approach using multi-gene edited 
pig hearts has yielded a survival period of up to nine months 
(37). Additionally, OXTx has been the standard for human 
procedures, so an optimized orthotopic model would be 
more transferable from primate to human trials. In contrast, 
heterotopic heart transplants have only been performed in a 
handful of human cases worldwide (25). Furthermore, there 

may be cases where the native heart must be removed, 
making HXTx impossible. As we move into clinical trials, the 
HXTx and OXTx procedures should both be considered and 
refined.	
	 Finally, NIHP significantly improved xenograft survival 
compared to SCS. Several reasons may explain this. All NIHP-
containing studies used an 8°C preservation solution and a 
portable heart-lung machine to mimic in vivo physiological 
conditions to minimize ischemia (13,16, 18). This has led to 
substantially less perioperative cardiac xenograft dysfunction 
compared to SCS trials (13,16, 18). In human-to-human 
trials, NIHP showed better heart function than SCS based 
on several metrics such as less mitochondrial dysfunction 
and reduced loss of cardiomyocytes (45, 46). NIHP might 
be critical in extending survival, reducing complications, and 
maintaining stronger organ function. Further research may 
focus on refining and exploring the effectiveness of certain 
electrolyte concentrations within preservation solutions and 
engineering more reliable portable heart-lung machines to 
optimize a NIHP model.
	 There are several limitations in this study. First, we did not 
adjust for variations in humane endpoints. In all trials, subjects 
were either euthanized during sudden health emergencies and 
organ rejection or died naturally due to common complications 
such as hyperacute rejection and infection. To the best of 
our knowledge, the difference between outcomes with and 
without researcher intervention was negligible. Second, we 
could not directly assess the effect of drug dosages due 
to inconsistent intervals of administration and unreported 
quantities in literature. However, drug combination and 
dosage differences were controlled by study-level random 
effects. Third, only xenograft survival days were analyzed. 
which may not necessarily indicate normal or improved organ 
function. Fourth, pig and primate age, gender, weight, and 
similar characteristics were not considered. Fifth, we did not 
differentiate between induction, maintenance, or additive 
regimens when constructing the data set for drug factors. 
Sixth, differences in preservation solutions among NIHP 
trials from different studies were not considered. Finally, 
the associations shown do not guarantee causality between 
factors and survival. 
	 Cardiac xenotransplantation can be a powerful tool to 
eventually end the organ shortage. Before clinical trials, 
further inquiry is needed to fully understand and optimize the 
genetic, drug-related, and procedural components in pig-to-
primate preclinical transplants. This study used secondary 
data from 15 individual snapshot studies (116 trials) to identify 
key factors associated with xenograft survival on a larger 
scale. We found that accounting for other factors, triple 
transgenic organs, HXTx, NIHP, and CNI/mTOR regulators 
were essential for prolonging xenograft survival. We suggest 
researchers continue testing different genotype combinations 
with single transgenic organs as a baseline. Our findings also 
indicate that either αCD154 or αCD40 can provide effective 
immune blockade. Furthermore, we observed that CVF 
and supportive drugs had a statistically insignificant impact 
compared to other key genes, drug regimens, and procedural 
variables. These findings summarize nearly two decades of 
preclinical cardiac xenotransplantation research and can help 
optimize future orthotopic and heterotopic xenotransplant 
approaches in upcoming human survival studies. Further 
studies should continue testing combinations with additional 
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untested factors. Incorporating such trials may offer new 
insights, specifically into unobserved confounding factors. 
Additionally, optimal drug dosages can be quantified by testing 
trials with the same drug regimens but with dosages varying 
by specific intervals. Ultimately, these findings may accelerate 
the development of a working human xenotransplantation 
procedure which could limit unnecessary testing, animal 
suffering, and end-organ shortage.

MATERIALS AND METHODS
Study and Data Selection
	 The initial selection consisted of studies utilizing GTKO 
donor hearts and primate recipients. The selection was 
limited to English literature published before June 2nd, 
2024. Google Scholar, PubMed, and Science Direct were 
used as the primary search engines. We used variations 
of keywords such as “GTKO”, “GT-KO”, “heart”, “cardiac 
xenotransplantation”, “survival”, “xenograft survival” and “pig 
to primate” and screened all abstracts and full texts if available. 
Individual trials were excluded in this step if they did not use 
GTKO organs, did not reference cardiac or heart grafts, or 
encountered surgical errors. Survival time was recorded as 
the number of days after initial xenograft implantation before 
organ failure, rejection, removal, or primate death. In cases 
where only the mean survival time was reported for repeated 
experiments, multiple trials with the mean survival time were 
logged. This resulted in the identification of 193 trials (24 
studies) (Figure 2).
	 The data were then rearranged in Excel for the factors 
of interest: gene modifications (GTKO, GTKO+CD46, 
GTKO+CD46+TBM), CNI/mTOR, monoclonal antibodies 

(αCD40, αCD154), CVF, supportive drugs, surgical 
procedures (HXTx, OXTx), and heart preservation techniques 
(SCS, NIHP). Trials using CNI and mTOR regulators were 
grouped because of frequent dual administration and 
similar mechanisms (5,31). Other factors were also grouped 
during this step but could not be analyzed due to limited 
data, namely having fewer than 15 trials across at least 
2 studies. Factors present in all trials from one study were 
controlled as described in the statistical analysis portion. All 
studies and trials that contained factors with limited counts, 
showed collinearity, contained incomplete drug regimens, 
or did not have adequate survival data were removed. The 
final analytical dataset comprised 116 trials from 15 studies 
(Figure 2, Table 1). 

Statistical Analysis
	 Poisson regression and other generalized linear models 
are useful and computationally efficient methods for individual 
patient survival analysis (47). A Poisson regression was initially 
used to evaluate the association between primate survival 
days after xenotransplant and genetic, drug, and procedural 
factors. Descriptive analysis showed that survival days data 
exhibited significant overdispersion, meaning the variance far 
exceeded the mean. To account for this, an NBMM was used 
to fit the data (48). NBMMs are generalized linear models that 
have previously been used to model over-dispersed count 
data with additional random effects (48). In our model, study-
level random effects were implemented to mitigate external 
noise from drug regimen differences, time-variant variables, 
and other study-specific factors by accounting for the 
correlation between trials from the same study. This was an 
appropriate assumption given that the same authors oversaw 
such trials, used the same procedures, and had the same 
laboratory conditions. 
	 The Pearson chi-square statistic test for overdispersion 
was used to confirm that the NBMM was more appropriate 
than a Poisson mixed model. The subgroup with the largest 
number of trials was used as the reference group for each 
factor. Additional subset analyses were done to interrogate 
explanatory factors individually. p < 0.05 indicated statistical 
significance, and p < 0.10 indicated marginal significance. All 
statistical analyses were done in R software version 4.3.2 
with MASS and lme4 packages (49, 50).
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APPENDIX
R Code Repository
#Set a working file directory to import Excel data into R.
getwd()
setwd("C:/Users/ericz/OneDrive/Desktop/R4DataAnalysis")
getwd()

#Import the dataset for analysis. 
xenodata <- read.csv("Xeno2.csv", header=T)
summary(xenodata)

# Install required packages for running a standard Negative Binomial regression model and a negative binomial mixed model.
require(MASS)
require(lme4)

# Define and run the Pearson chi-square test for the overdispersion parameter
overdisp_fun <- function(model) {
    rdf <- df.residual(model)
    rp <- residuals(model,type="pearson")
    Pearson.chisq <- sum(rp^2)
    prat <- Pearson.chisq/rdf
    pval <- pchisq(Pearson.chisq, df=rdf, lower.tail=FALSE)
    c(chisq=Pearson.chisq,ratio=prat,rdf=rdf,p=pval)
}

#This is the code for constructing the standard Poisson regression model.
m_poi0<-glm(formula=DAYS~factor(CYK2)+factor(GN4)+factor(ISCH2)+factor(PCD2)+factor(MCSR)+factor(CVF2)+factor(CD
3),family="poisson", data=xenodata)
overdisp_fun(m_poi0) 
summary(m_poi0)

#This is the code for testing a Poisson mixed model with study-level random effects.
m_poi1<-glmer(formula=DAYS~factor(CYK2)+factor(GN4)+factor(ISCH2)+factor(PCD2)+factor(MCSR)+factor(CVF2)+factor(C
D3)+(1|STUDY1),family="poisson",data=xenodata)
overdisp_fun(m_poi1)
summary(m_poi1)

#This is the code for a negative binomial mixed model with study-level random effects.
m_nb1<-glmer.nb(formula=DAYS~factor(CYK2)+factor(GN4)+factor(ISCH2)+factor(PCD2)+factor(MCSR)+factor(CVF2)+facto
r(CD3)+(1|STUDY1),data=xenodata)
overdisp_fun(m_nb1)
summary(m_nb1)

#This outputs regression coefficients, standard errors, and ps into Excel. 
co<-summary(m_nb1)$coefficients[,1]
se<-summary(m_nb1)$coefficients[,2] 
pvalue<-summary(m_nb1)$coefficients[,4]
est <- cbind(Estimate = round(co,3), round(se,3), round(pvalue,3))
write.csv(est, "m_nb1.csv")
exp_co<-exp(co)
exp_se<-exp(se)
est_exp <- cbind(Estimate = round(exp_co,3), round(exp_se,3), round(pvalue,3))
write.csv(est_exp, "m_nb1exp.csv")


