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Computational models for  
transplant biomarker discovery
Anyou Wang and Minnie M. Sarwal *

Department of Surgery, Division of MultiOrgan Transplantation, University of California San Francisco, San Francisco, CA, USA

Translational medicine offers a rich promise for improved diagnostics and drug discovery 
for biomedical research in the field of transplantation, where continued unmet diagnostic 
and therapeutic needs persist. Current advent of genomics and proteomics profiling 
called “omics” provides new resources to develop novel biomarkers for clinical routine. 
Establishing such a marker system heavily depends on appropriate applications of com-
putational algorithms and software, which are basically based on mathematical theories 
and models. Understanding these theories would help to apply appropriate algorithms to 
ensure biomarker systems successful. Here, we review the key advances in theories and 
mathematical models relevant to transplant biomarker developments. Advantages and 
limitations inherent inside these models are discussed. The principles of key computational  
approaches for selecting efficiently the best subset of biomarkers from high-dimensional  
omics data are highlighted. Prediction models are also introduced, and the integration of 
multi-microarray data is also discussed. Appreciating these key advances would help to 
accelerate the development of clinically reliable biomarker systems.

Keywords: transplant, model, theory, computation, bioinformatics, rejection

introduction

In the new era of biomedical research, it is being increasingly recognized by funding agencies and 
journals that traditional hypothesis-driven research alone cannot provide the rapid and incremental 
advances needed to change the current clinical practice management for transplant patients, so as 
to positively impact long-term graft outcomes. In addition, given that organ transplantation is an 
orphan disease, there are few if any focused efforts for discovery of new immunosuppressive drugs 
for transplant recipients. In fact, the number of Food and Drug Administration (FDA) approved 
drugs has been relatively constant to about 20 drugs per year, yet the cost of drug discovery has 
ramped up ($138 million in 1975 to $1.3 billion in 2006), and the rate of new drug production by a 
pharmaceutical company generally follows a Poisson distribution and is constant (about 2–3 drugs 
per year at most) (1). This constant rate of output is often blamed on the traditional hypothesis-driven 
research model, primarily because hypotheses derived from complex experimental models often do 
not translate to human pathology. Hence, there is a growing need to harness “big data” at the RNA/
protein/metabolite/antibody/DNA level to get novel insights into interlinked global processes that 
have been hitherto poorly understood. With this direction, comes the companion need to develop 
and apply the right computational tools to harness this data and interlink it to the entire electronic 
medical record (EMR) in an identified, regulated process.

Although short-term survival rates of grafts have increased, long-term graft survival rates have 
shown little improvement (2, 3). Five-year graft survival for transplanted organs varies from 43% 
for lung to 78% for kidney, highlighting the need for improved analysis of post-transplant injury 
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pathways. There is a desperate urgency to advance the field of 
organ transplantation through improved monitoring by (a) the 
discovery of informative biomarkers, specific and sensitive to 
phenotypes of injury and acceptance, and (b) through improved 
algorithms and/or drugs for treatment with targeted efficacy and 
reduced toxicity (4, 5). Many single gene/protein pathway studies 
have shown associative and mechanistic insights into animal and 
restricted human sample studies, but the field has stalled with 
regard to the additional exponential insights needed at a genome-
wide level to develop significant improvements in biomarker 
discovery for diagnosis/prediction and to evaluate the role of 
novel pathways for improved rational drug design as it applies to 
organ transplantation. In this review, we focus on the application 
of different computational approaches to mine high-dimensional 
human data in transplantation with a view to changing current 
clinical practice and patient management. Some of the critical 
requirements that the transplantation process needs to fulfill with 
this meta-data approach are highlighted in Figure 1.

Biological experimental tools that explore genome-wide profil-
ing referred as “omics” provide promising pathways to investigate 
transplant biology, and they have been increasingly applied in 
transplantation, with the number of generated data tripling over 
last decade (Figure 2). These omics technologies (e.g., functional 
genomics for RNA analysis, proteomics for protein and peptide 
analysis, metabolomics for metabolite analysis, and antibiomics 
for HLA- and non-HLA-antibody analysis) also provide “big 
data” that contains high-dimensional variables. Harnessing the 
“big data” to low dimensional variables could generate small 
sets of biomarkers for diagnostic tools, which detect and predict 

FiGURe 1 | Transplant fields require computations. The boxes show the areas of investigation needed by translational computational methods to advance 
organ transplant management. Figure adapted from Ref. (6).

transplant injury as well as discriminate different causes of 
injuries. However, these omics data are generally complex, due to 
its inherent high-dimensional complexity, platform differences, 
hybridization variations, and different data scales. These com-
plexities challenge scientists to directly extract biologically valid 
and clinically useful information by selecting, generating, and 
using the appropriate computational tools to meet the demands 
of the composition of the input data.

Decomposing the complex omics datasets to derive biomark-
ers often requires customization of computer algorithms and 
software. Limitations and pitfalls inherent inside these software 
tools, such as biased p-value estimation, over-estimated predic-
tion accuracy, could derail the successful selection of biomarkers 
due to enhanced false positives and negatives. Thus, applying 
appropriate algorithms to decompose the complexity requires 
an understanding of the theories and principles behind these 
algorithms. Here, we review key advances of theory and compu-
tational models relevant to transplant biomarker development. 
Understanding these key advances would help to master the 
wave of biomarker development and to develop novel reliable 
biomarker systems (4, 7–9).

High-Dimensional Data Applications in 
Transplantation

Gene expression microarrays have been the most commonly 
used high-throughput technology in transplantation (10, 11). 
Microarrays were applied to biomedical science in 1995, and 
the first landmark study of kidney biopsy microarrays was 
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published in 2003 [Sarwal et al. (12), NEJM], uncovering for the 
first time molecular heterogeneity in acute rejection that was 
far greater than previously understood by histology alone and 
a pivotal role for B cells in steroid-resistant late post-transplant 
rejections occurring secondary to treatment non-adherence. 
There are an increasing number of human studies in the public 
domain profiling biopsy, bronchoalveolar lavage, and blood 
and urine samples from different organ transplant recipients, 
with phenotypes defined by matching graft biopsies as acute 
rejection, chronic injury, recurrent glomerulonephritis, viral 
nephritis, operational and induced tolerance, and drug toxicity. 
Transcriptional profiling of peripheral blood as a correlate of 
intragraft events has been successfully applied in the IMAGE 
Study in heart transplantation (13) and in the SNSO1 (14) 
and AART (15) studies in kidney transplantation and for the 
detection of chronic graft vs. host disease in bone marrow 
transplantation (16). Pathogenesis-based transcripts (PBT) 
expression panels have been inferred from mouse experiments 
and applied to human transplant expression patterns in an 
effort to develop correlates of histopathological lesions in renal 
transplant biopsies (17).

A major challenge in transplantation is the life-long admin-
istration of immunosuppressive drugs with multiple side effects. 
Calcineurin inhibitors are associated with nephrotoxicity, which 
in turn can contribute to long-term graft failure, along with 
opportunistic infections. To better understand the mediators 
of calcineurin inhibitor toxicity, selected patients from the 
BENEFIT trial (Vincenti, NEJM), had their 1-year protocol 
biopsies profiled against gene-sets selected after loading cyclo-
sporine and tacrolimus on renal proximal tubular cells, as the 
in vitro model of calcineurin inhibitor toxicity. Patients receiving 
Belatacept and no calcineurin inhibitor agents demonstrated 
more immune reactivity, but reduced expression of profibrotic 
genes and increased expression of solute transporter genes, corre-
lating with the preserved renal architecture seen in these patients 
(18). To better understand how to optimally dose patients with 
immunosuppressive drugs, operationally tolerant patients were 
profiled (19), and informative genes were used to identify patients 
on full dose immunosuppression that may benefit from safe 

immunosuppression wean (19), after controlling for multiple 
clinical variables and confounders.

High-throughput technologies have also been expanded to 
study the role of microRNAs (miRNAs) in graft rejection in 
peripheral blood (20) and the allograft (18), and suggests that 
intragraft changes in miRNA levels are explained by the burden 
and composition of infiltrating cells in the course of injury.

The introduction of high-density protein arrays as allowed 
for the evaluation of serological responses to ~9,000 human 
full-length proteins on a single slide. This technology was used 
to understand the differential immunogenicity of different tissue 
compartments of the transplanted kidney (21), and identified that 
the renal outer cortex, glomerulus, and the deep pelvis antigens 
mount new autoantibody responses after organ engraftment, most 
of which may not be pathogenic. In addition, this technology was 
also used to evaluate the identity of novel non-HLA antibodies 
in patients with HLA-antibody-negative acute renal transplant 
rejection, and identified a novel target, Kinase C-ζ (PKCζ), as a 
dysregulated epitope in severe allograft injury (22). Additionally, 
using protein microarrays, Angiotensinogen and PRKRIP1 were 
identified as biomarkers of chronic kidney injury, with correlative 
results with hypertension in patients with high-antibody titers. 
These results suggested for the first time that autoantibodies are 
raised against previously unknown antigenic targets in the trans-
planted organ, which are likely exposed to the immune system of 
the recipient in the process of cellular damage in the organ (23).

Recent advances in small molecule identification technologies 
(e.g., mass spectrometry, surface enhanced laser desorption/ioni-
zation, liquid chromatography/mass spectrometry, nuclear mag-
netic resonance) have given rise to the application of proteomics, 
peptidomics, and metabolomics to transplantation. Urine is a rich 
biofluid source for biomarker discovery in organ transplantation. 
Shotgun proteomics provides us with a map the entire urinary 
proteome (24) in health and transplant injury states. Smaller 
fragments of the urinary peptidome, consisting of degraded 
byproducts of intact proteins by enzymatic cleavage, also provide 
insights into the perturbations in chemical balance during kidney 
injury (25, 26). Metabolomics has been used for identifying graft 
injury as well as for monitoring drug toxicity (27–29).
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Computational Challenges and 
Approaches for Selecting Biomarkers 
from High-Dimensional Data

The integration of hypothesis generation by high-dimensional 
data analysis is poised to fulfill the current unmet needs in 
organ transplantation, which relates to poor long-term survival 
despite improvement in short-term outcomes, the need for 
life-long immunosuppressive medications and their associated 
morbidities, and the lack of non-invasive markers for monitor-
ing and predicting graft injury, superior to current standards of 
monitoring. Computational biology expands from the traditional 
molecular biological method of studying pair-wise interactions 
into a network-based approach by integrating individual compo-
nents to model a complex system, thus beginning to understand 
disease at the level of regulatory pathways in tissues and organs, 
even in whole organisms, while also accounting for dynamics 
within regulatory networks. A large number of computational 
approaches have been developed to generate co-expression 
networks from protein binding data (30), functional annotations 
(31), and drug activity (32). Using these approaches, it has been 
shown that such networks have properties that are not otherwise 
discernable from the relations themselves, and have preferential 
connectivity that results in “hub” nodes, which are molecules that 
connect to a larger number of other molecules (33).

To date, a large number of biomarkers have been identified 
for various post-transplant conditions as markers of an ongoing 
injury (effect markers) or related to the actual causes of the injury 
(causal markers). Development of new drugs that reduce drug 
toxicity and chronic rejection requires identification of causal 
markers that can be targeted for novel therapeutics. The use of 
systems and computational biology is the critical next step for 
deeper understanding and the identification of causal markers of 
graft injury in transplantation.

One of the reasons for the limited impact of the high-through-
put studies in transplantation relates to low number of individu-
als and samples used resulting in lack of sufficient independent 
validation. As described in our previous review (6), searching the 
NCBI GEO for microarray studies in humans described with the 
term “transplant” yields 69 experiments, of which only 16 have 
more than 50 samples and only 6 have more than 100 samples. 
These numbers are even more disappointing when put into the 
context that these experiments are divided among four different 
organs (lung, kidney, liver, heart) studying at least three different 
conditions (acute rejection, chronic rejection, tolerance). The 
sample limitations relate to sample availability and assay cost, 
both of which truncate greater enrollment. We addressed the 
sample availability shortcoming by performing meta-analysis by 
integrating smaller independent experiments, and customized 
algorithms were generated to deal with experiment-specific 
technical biases, such as microarray platform or hybridization 
protocol (6, 34). This approach allowed for the identification of a 
core of 12 genes (BASP1, CD6, CD7, CXCL9, CXCL10, INPPD5, 
LCK, NKG7, PSMB9, RUNX3, TAP1, ISG20), called the common 
immune response module, which was a similarly dysregulated 
set of genes in acute rejection across tissue source; these genes 
were all upregulated in kidney, heart, liver, and lung rejection 

across 236 microarrays downloaded from GEO. Their biological 
relevance in graft rejection was further tested by repositioning 
two drugs against LCK (Dasatinib) and CXCL10 (Atorvastatin) 
in a murine heart transplant model of rejection; thus suggesting 
that FDA-approved drugs for indications other than transplant 
immunosuppression may be repositioned across the remainder 
of the gene-set to identify new drug targets for organ transplant 
recipients. In another example of an integrative analysis, Chen 
et  al. performed a meta-analysis using three transplant RNA 
microarray data sets from biopsies with kidney and heart acute 
rejection (35), and then the corresponding significant proteins 
(inferring gene/protein 1:1 mapping) coded for by these RNA 
were then screened as potential blood markers for acute rejection. 
This approach confirmed that three proteins (PECAM1, CD44, 
and CXCL9) were significantly over-expressed in blood samples 
in both kidney and heart transplant patients. These integrative 
approaches demonstrate that integration of data sets can reduce 
biological bias across experiments, experimenters, platforms, and 
tissue source, while allowing for the generation of novel hypoth-
eses and drug repositioning.

Data integration can also be performed across different types 
of molecular measurements. Li et  al. integrated antibody-level 
measurements from a protein array with renal compartment-
specific gene expression data (21) and demonstrated that 
post-transplant serological responses observed using protein 
microarrays were specific to the transplanted organ and to spe-
cific organ compartments.

The efficient selection of biomarkers to limit false negatives 
and false positives is another challenge for high-dimensional data 
analysis. A typical microarray experiment produces approximately 
50,000 data points per sample. An experiment with 50 samples will 
produce more than 2.5 million data points. Millions of data points 
are generated by SNP genotyping platforms for thousands of sam-
ples in a typical genome-wide association study. The amount of 
data generated increases again exponentially for next-generation 
sequencing population studies. Incorporation of computational 
skills into the curricula of transplantation training program needs 
to be a high priority, to arm the next-generation clinician scientist.

Various methods are used to limit false-positive/negative sig-
nals and reduce variables. These mainly use stepwise regression 
models (36, 37), principal component analysis (PCA) (38, 39), 
T-statistic, and correlation to clinical variables (7, 8, 40–43).

Stepwise-Based Models
Traditional Stepwise Methods
Many regression models are available to select a particular set 
of independent variables and the commonly used methods are 
stepwise techniques (36, 37). Traditional stepwise selection 
alternates between forward and backward regression selection, 
in which variables are added or removed that meet a selection 
criteria setting for entry or removal, until a final subset of vari-
ables make the model saturated. However, this stepwise method 
has essential problems. It applies methods intended for one single 
hypothesis test to many tests, leading to results biased to a certain 
degree, such as higher in R2 (explained variation/total variation), 
lower in standard errors and p-values than the actual values, and 
as models they can be complex to develop.
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Vorlat et al. used stepwise multiple regression and identified 
B-type natriuretic peptide (BNP) and age as the most important 
factors in evaluating outcomes after heart transplantation, after 
evaluating many variables, such as body mass index, age, BNP, 
norepinephrine dose, gender, and total ischemic time (37).

Lasso (Least Absolute Shrinkage and  
Selection Operator)
Lasso (least absolute shrinkage and selection operator) (44) is a 
penalized regression method for shrinkage and variable selection, 
and uses the equation:

 
∑∑ ∑− β
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  i = 1, 2, …, n (n equivalent to sample size);
  j = 1, 2, …, p (p equivalent to omics gene number);
  yi = response variable of sample i, βj = coefficient for gene 

j, j = 1, 2, …, p, and xij = observation value of sample i and 
gene j.

Lasso estimation actually introduces a penalized constraint 
to minimize the usual sum of squared errors to get solution. 
This penalization is estimated by ∑ β ≤ s| | ,j  sum of the absolute 
coefficients.

If s is set to a large number, it does not affect Lasso estimation 
that actually acts as a usual multiple linear least squares estimates. 
Then, a large number of genes might be selected as biomarkers. 
However, if s is small (s  ≥  0), Lasso works as shrunken least 
squares regression and then only a few genes would be selected 
as biomarkers. Lasso has several limitations. For example, the 
gene number (p) is usually large and sample size (n) is small. In 
this case, at most n genes are selected by Lasso before the model 
saturates. In addition, Lasso tends to select the biomarker with 
greater variance (44) and it might likely ignore some important 
genes in a correlated group.

Elastic-Net
To overcome the limitations existing in Lasso, elastic-net adds an 
additional quadratic part ∑ β ≤2 tjj

 to the penalization to make it 
work for both variable selection and shrinkage (45). Many modi-
fications have been made to improve its prediction performance. 
Elastic-net and lasso are arguably the best methods so far for 
shrinkage and biomarker selection. Lasso and elastic-net were to 
select a best subset of 17 genes as biomarkers to predict the most 
informative acute rejection blood-based biomarkers (15).

Modified t-Statistic Methods
Prediction Analysis of Microarrays
Prediction analysis of microarrays (PAM) has been commonly 
applied in transplant (40, 46, 47). PAM uses the following equa-
tion to determine if a gene is significant for classification:

 ( )=
−
+ 0

d
x x

w s sik
ik i

k i  

where = −(1/ 1/ )1/2w n nk k

It actually looks like t-statistic formula, where wk ×  si is the 
standard error of the numerator. The only modification is to add 
s0 as a fudge factor to avoid very large statistics for very small 
standard errors. Thus, PAM is a modified t-statistic to measure 
the difference between the mean of gene i in class k with the over-
all mean of gene i. A gene with a statistic of large absolute value 
discriminates one class from the rest. PAM then selects significant 
genes by then shrinking the dik toward zero.

This measurement in PAM actually shrinks each gene toward its 
overall mean cross classes. After this shrinkage, all class centroids 
become more similar to each other than before. This might not 
help to improve the overall discriminant accuracy in omics data.

Reeve et al. used PAM to select the most significant genes from 
186 microarrays to build a classifier system to predict acute rejec-
tion. These genes are mostly associated with interferon-gamma-
inducible or cytotoxic T-cell associated, such as CXCL9, CXCL11, 
GBP1, and INDO (47).

ClaNC
To circumvent the PAM limitations, an alternative classifier called 
ClaNC (42) has been developed. ClaNC uses standard statistics to 
select genes and does not shrink centroids, and it also selects class-
specific gene and allows a gene to be active only in one class. Kurian 
et al. used this algorithm to select 200 biomarkers from genome-
wide gene expression profiling and created a discriminant system 
for classifying three phenotypes in kidney transplantation (48).

Principal Component Analysis
Principal component analysis method selects biomarkers based 
on an eigengene score (38), score |cor= x Ei , | ,( ) ( )| cor , |x Ei  is 
the absolute value of Pearson correlation coefficient, where xi is 
a vector of gene i, and E is a eigenvalue.

Genes Selected by Correlating with  
Clinical variables
A subset of genes can also be selected by correlating gene expres-
sion level and clinical variables, such as patient survival or graft 
loss. This correlation can be measured by univariate Cox propor-
tional hazards scores that derived from Cox regression model. 
Genes that pass the interquartile range (IQR) filter are considered 
as significant (40, 41).

evaluation of Models and Biomarkers 
Requires Robust validation

Many biomarker systems published to date for transplant fail in 
the real world, partially due to lack of robust model validation. 
Models usually should be subject to cross-validation, a technique 
for evaluating the performance of predictive models, like linear 
models for discriminating acute rejection against stable samples, 
with the use of independent samples in the different subsets. 
Different types of cross-validations are available. Repeated random 
sub-sampling validation randomly splits all samples into subsets of 
samples, a training set, and validating set. The training subset is 
used to fit a model and the validating set is for examining predictive 
accuracy. A large iteration of splits (e.g., 10,000) is usually run to 
avoid splitting sample bias. The accuracy is calculated by the aver-
age of all iterations. k-fold cross-validation randomly splits total 
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samples into k subgroups with equal size. One out of k subgroups 
is treated as testing validation and the remaining k − 1 subgroups 
are used as training data to train models. The whole process is run 
k times (k folds). Each time, each of the k subgroups is used as 
validation but each group is used only once. The sensitivity and 
specificity can be calculated by combined result from each run. 
We have extensively used these systems of study (15, 19), and 
the process of robust cross-validation has also been extensively 
reviewed in a recent publication by Roedder et al. (49).

The binary classified performance of an entire biomarker 
system should typically be evaluated by receiver operating char-
acteristic curve, ROC curve. ROC is a graphical plot of the true 
positive rate (sensitivity) against specificity or false positive rate 
(1-specificity) at various threshold settings. The sensitivity is equal 
to the proportion of correctly classified positive observations, and 
the specificity is calculated as the proportion of correctly classi-
fied negative observations. Area under the curve (AUC) serves as 
estimated index of overall accuracy and serves a useful practice 
to compare different ROCs, and it is usually plotted within ROC 
curve. The biomarker panels developed for graft rejection and 
tolerance in recent studies provide ROC curves of >85% (15, 19).

Prediction Models for Biomarker  
Risk Analysis

One of the most interesting goals in developing biomarker systems 
is to predict and monitor the phenotype outcome of transplanta-
tion. For example, selecting biomarkers from short-term data (e.g., 
3 months biopsy profiling) may be associated with a phenotype of 
long-term (e.g., 1-year graft chronic injury) outcomes. Predictive 
models have been applied to reach this purpose. Although all 
machine learning models have predictive functions, such as 
Support Vector Machine (38, 39) and LASSO described above, 
two out of them, linear discriminant analysis (LDA) and logistic 
regression, have been widely applied in transplant biomarker 
systems to classify the discrete classes of variables (40, 48, 50, 51).

Linear Discriminant Analysis
Linear discriminant analysis has been widely applied to trans-
plant biomarker development (40, 48). LDA is a classifier (52) 
that classifies samples to their nearest given centroid. Assuming 
that we have k classes with prior probabilities πk, then LDA can 
be defined below:

 
µ µ π{ }( ) ( ) ( )= − Σ − −−

k
Ty x xˆ arg min 2logk k k

1

 

where − 

2x u  is the square of the Mahalanobis distance between 
sample value (x) and centroid or mean (u).

Logistic Regression
Logit link function can be understood as follows:
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  p = probability of one phenotype; =
−
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1

p
p

  xi = ith biomarker value, i = 1, 2, …, k.

The left side of logit link function above can be signed as Y, 
and then this function can be simply written as Y = β0 + βX, so it 
can actually be understood as a linear regression. The phenotype 
variable in logit could be binary value (e.g., AR vs. non-AR) or 
multinomial.

Correlation

Besides machine learning, other mathematical methods have also 
been employed to establish quantitative biomarker system. Here, 
we introduce one, kSORT (15), based on Pearson correlation 
coefficients of multiple genes (12 genes). Genes for kSORT were 
selected by Lasso and elastic-net. Binary classification of AR vs. 
non-AR was based on accumulated scores. These scores were 
accumulated from running correlation for 13 times with 12 gene 
panels. The score was assigned as 1 (if greater correlation to AR) 
or −1 (if greater correlation to non-AR). After 13 runs, the final 
score of a sample would be in the range from −13 to 13. This rank 
is then used as an index of a risk factor for acute rejection.

Data integration Strategies

Many omic experiments have been performed with different 
platforms by different laboratories. These omics data cannot be 
treated as a single experiment and a meta-analysis strategy should 
be applied to integrate these data to get a panel of prioritized 
genes. Several techniques and theories have been proposed (34, 
53, 54). Here, we only briefly described four methods employed 
in transplant biomarker development.

Normalization and Batch effect Removal
For combining small set of microarray data with a big data set, 
normalization can be performed using Lowess (locally weighted 
scatterplot smoothing) or Loess (55) (later generalization of 
Lowess), and then batch effect should be removed. Lowess is a 
non-parametric regression method for fitting a smoothing curve 
to a dataset by combining regression models and weights of local 
neighbors. It splits the microarray intensity curve into a series 
of windows by a given window size and then performs regres-
sion locally with nearest weight to smooth the curve. A larger 
window size produces a smoother curve, and a smaller window 
size generates more local variation. After normalized, batch effect 
can be removed by using empirical Bayes methods (56) before 
combining the data (57).

Frozen Robust Multiarray Analysis
Robust multiarray analysis (RMA) is a pre-processing algorithm 
that pre-processes microarray data by background correction, 
quantile normalization, and summarization in a modular way by 
fitting the normalized data with models. It is widely used, but 
RMA cannot be used in clinical data directly because these data 
are normally in small batches, and clinical samples are normally 
processed individually and separately and they are comparable. 
Therefore, a modified RMA, frozen robust multiarray analysis 
(fRMA), has been proposed. fRMA computes and freezes probe-
specific effects and variances of a dataset, and with new data sets 
coming, these precomputed and frozen info are used in concert 
with those from the new coming microarrays to normalize and 
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summarize the data. Thus, it provides a way to combine data 
analyzed individually or in small batches (53).

When merging multiple datasets, the raw data (e.g., CEL file 
for Affymetrix array) are usually used in order to pre-processing 
all data (e.g., outlier deletion and normalization) with the same 
algorithm and the similar criteria. If multiple probes exist for a 
transcript, the mean of probes is used to represent the expression 
level of this transcript. The genome annotation IDs (e.g., refGene 
IDs) universal for all platforms are usually employed to combine 
the data.

p-value Meta-Analysis
p-value meta-analysis uses Fisher’s method to combine the 
squares of the p-values as defined below (34):

 
∑χ ( )= −

=

2 log2
2

1

pk
i

k

i

 

where k = experiment number, pi is devised from each experiment. 
This p-value combination would generate a list of genes with meta 
p-value for each gene. Genes with up- and down-regulation is 
separated into two groups during combining p-value but only one 
with minimum p-value is selected. The meta p-value can then 
further be corrected by multiple hypothesis testing to obtain 
adjusted p-value. The final adjusted p-value is used to prioritize 
genes. Lower in adjusted p-value ranked in the top.

Fold-Change Meta-Analysis
Another prioritized gene method is based on fold-change meta-
analysis as defined below (34):
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where,

  fi = fold-changes in sample i;
  wi = reverse variance of the fi.

It should be noted that meta-analyses might produce different 
rank prioritizations of genes differentially expressed across stud-
ies, and the final biological relevance of the selected genes also 
becomes important in the final gene selection.

Conclusion and Future Directions

In order to take our understanding of injury mechanisms in 
organ transplantations to the next level, integration of molecular 
measurement data from different experiments and different 
technologies is required. Furthermore, these integrated data 
need to be analyzed at a global, systems biology level to identify 
better diagnostic and therapeutic markers. Predictive biomark-
ers should cover diverse genetic and epigenetic backgrounds. 
Clinical and pathology-based variables should be considered as 
confounding variables during biomarker development. Next-gen 
sequencing will provide much higher resolution than microar-
rays to get insights into the diversity of injury and patient-specific 
responses. With new advances in mathematical theories, a new 
biomarker system may include many variables from different 
biology aspects, such as genetics, epigenetics, clinical variables, 
and pathology.

Biomarker discovery suffers from difficulties in selecting 
“noise” form “true biology” as this discovery relies on human 
studies and human samples, which are inherently associated with 
sample and tissue variation, and often result from the use of mul-
tiple measurement platforms, with experimental methodology 
variations, all of which challenge the process of robust biomarkers 

TABLe 1 | Primary computational algorithms for transplant biomarker discovery.

Name environment Features and 
functions

Limitations Availability web resources

Biomarker selection
Traditional stepwise methods R/SAS Stepwise regression High R2, low SE Free/commercial www.r-project.org, www.sas.com
LASSO and Elastic-net R/SAS Shrinkage and 

biomarker selection
Model could be saturated for 
Lasso when simple size is small

Free/commercial www.r-project.org, www.sas.com

Prediction analysis of 
microarrays (PAM)

Excel/R Shrinkage and 
biomarker selection

Might not improve the overall 
discriminant accuracy

Free http://statweb.stanford.edu/~tibs/PAM/

ClaNC R Classification and 
biomarker selection

Limited improvement in 
discriminant accuracy

Free http://www.stat.tamu.edu/~adabney/clanc/

Principal component analysis R/SAS Classification and 
biomarker selection

Sometimes it is hard to interpret 
data

Free/commercial www.r-project.org, www.sas.com

Prediction models
Linear discriminant analysis 
(LDA)

R/SAS Classification and 
prediction

Linear Free/commercial www.r-project.org, www.sas.com

logistic regression R/SAS Classification and 
prediction

Requires large sample size Free/commercial www.r-project.org, www.sas.com

Data integration strategies
Normalization and batch 
effect removal

R Pre-processing Might not fit clinical data directly Free https://www.r-project.org/

Frozen robust multiarray 
analysis (fRMA)

R Pre-processing Requires large data set and 
platform limitation 

Free https://www.r-project.org/

P-value meta-analysis Any/R Gene prioritization Significance test only Free https://www.r-project.org/
Fold-change meta-analysis Any/R Gene prioritization Fold-change-based effect size only Free https://www.r-project.org/
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discovery. Hence, publications suggest that a set of biomarker 
that works well for one center or one set of patients based on 
well-conducted statistical methods may not work as well for 
another center or a different set of patients with variable demo-
graphics or other previously unrecognized clinical confounders. 
It is also important to recognize that most of the biomarkers in 
transplantation are still in development, as they do not have the 
support of robust prospective clinical trials. The biomarkers also 
face the challenge of their correlation being based on histology as 
the “gold standard,” a standard that we know is not perfect, as it 
underdiagnoses alloimmune injury and is not really a predictive 
measure. Thus, most of the biomarkers in research are really just 
“associated” with histologic findings. It is still unclear if using 
these biomarkers will ever actually improve graft survival as this 
requires the conduct of large clinical trials with long-term follow-
up, making this research very expensive and often untenable in 
clinical practice; thus, most omic studies are underpowered with 

it comes to predicting graft loss. Biomarkers often do not dictate 
the type of therapy, but accurate prediction of immune risk may 
allow for their use as companion diagnostics for specific drugs 
or for safe immunosuppression minimization. Biomarkers may 
also not always obviate the need for a biopsy, as often they do not 
differentiate between infections such as polyoma and rejection 
as both are associated with graft inflammation. Thus, there may 
still be the need for confirmatory biopsies for the cause or type 
of organ injury.

The fragmented and incomplete nature of the existing knowl-
edge bases poses a challenge to achieving these goals, and wider 
adoption of a policy to submit raw data into public repository 
should be required by the transplant-related journals. It is also 
imperative that the next generation of clinician scientists is armed 
with computational skills that will ensure novel questions contin-
ued to be posed and answered, enabled by the proper integration 
of diverse sources of data.

References

 1. Dudley JT, Schadt E, Sirota M, Butte AJ, Ashley E. Drug discovery in a multi-
dimensional world: systems, patterns, and networks. J Cardiovasc Transl Res 
(2010) 3(5):438–47. doi:10.1007/s12265-010-9214-6 

 2. Matas AJ, Smith JM, Skeans MA, Lamb KE, Gustafson SK, Samana CJ, 
et al. OPTN/SRTR 2011 annual data report: kidney. Am J Transplant (2013) 
13(Suppl 1):11–46. doi:10.1111/ajt.12019 

 3. Mas VR, Mueller TF, Archer KJ, Maluf DG. Identifying biomarkers as diagnos-
tic tools in kidney transplantation. Expert Rev Mol Diagn (2011) 11(2):183–96. 
doi:10.1586/erm.10.119 

 4. Lo DJ, Kaplan B, Kirk AD. Biomarkers for kidney transplant rejection. Nat Rev 
Nephrol (2014) 10(4):215–25. doi:10.1038/nrneph.2013.281 

 5. Lee JR, Muthukumar T, Dadhania D, Ding R, Sharma VK, Schwartz JE, et al. 
Urinary cell mRNA profiles predictive of human kidney allograft status. 
Immunol Rev (2014) 258(1):218–40. doi:10.1111/imr.12159 

 6. Khatri P, Sarwal MM, Butte AJ. Applications of translational bioinformatics 
in transplantation. Clin Pharmacol Ther (2011) 90(2):323–7. doi:10.1038/
clpt.2011.120 

 7. Gong W, Whitcher GH, Townamchai N, Xiao X, Ge F. Biomarkers for moni-
toring therapeutic side effects or various supratherapeutic confounders after 
kidney transplantation. Transplant Proc (2012) 44(5):1265–9. doi:10.1016/j.
transproceed.2011.11.069 

 8. Halawa A. The early diagnosis of acute renal graft dysfunction: a challenge we 
face. The role of novel biomarkers. Ann Transplant (2011) 16(1):90–8.

 9. Mannon RB. Immune monitoring and biomarkers to predict chronic allograft 
dysfunction. Kidney Int Suppl (2010) 119:S59–65. doi:10.1038/ki.2010.425 

 10. Khatri P, Sarwal MM. Using gene arrays in diagnosis of rejection. Curr Opin 
Organ Transplant (2009) 14(1):34–9. doi:10.1097/MOT.0b013e32831e13d0 

 11. Khatri P, Sarwal MM. Functional pathway analysis for understanding immu-
nologic signature of rejection: current approaches and outstanding challenges. 
Immunol Signatures of Rejection. (Vol. 2011) (2010). p. 239–56.

 12. Sarwal M, Chua M-S, Kambham N, Hsieh S-C, Satterwhite T, Masek M, 
et al. Molecular heterogeneity in acute renal allograft rejection identified by 
DNA microarray profiling. N Engl J Med (2003) 349:125–38. doi:10.1056/
NEJMoa035588

 13. Pham MX, Teuteberg JJ, Kfoury AG, Starling RC, Deng MC, Cappola TP, 
et  al. Gene-expression profiling for rejection surveillance after cardiac 
transplantation. N Engl J Med (2010) 362(20):1890–900. doi:10.1056/
NEJMoa0912965 

 14. Chaudhuri A, Ozawa M, Everly MJ, Ettenger R, Dharnidharka V, Benfield M, 
et al. The clinical impact of humoral immunity in pediatric renal transplanta-
tion. J Am Soc Nephrol (2013) 24(4):655–64. doi:10.1681/asn.2012070663 

 15. Roedder S, Sigdel T, Salomonis N, Hsieh S, Dai H, Bestard O, et  al. The 
kSORT assay to detect renal transplant patients at high risk for acute rejection: 

results of the multicenter AART study. PLoS Med (2014) 11(11):e1001759. 
doi:10.1371/journal.pmed.1001759 

 16. Kohrt HE, Tian L, Li L, Alizadeh AA, Hsieh S, Tibshirani RJ, et al. Identification 
of gene microarray expression profiles in patients with chronic graft-versus-
host disease following allogeneic hematopoietic cell transplantation. Clin 
Immunol (2013) 148(1):124–35. doi:10.1016/j.clim.2013.04.013 

 17. Mueller TF, Einecke G, Reeve J, Sis B, Mengel M, Jhangri GS, et  al. 
Microarray analysis of rejection in human kidney transplants using 
pathogenesis-based transcript sets. Am J Transplant (2007) 7(12):2712–22. 
doi:10.1111/j.1600-6143.2007.02005.x 

 18. Vitalone MJ, Ganguly B, Hsieh S, Latek R, Kulbokas EJ, Townsend R, et al. 
Transcriptional profiling of belatacept and calcineurin inhibitor therapy in 
renal allograft recipients. Am J Transplant (2014) 14(8):1912–21. doi:10.1111/
ajt.12746 

 19. Roedder S, Li L, Alonso MN, Hsieh SC, Vu MT, Dai H, et al. A three-gene 
assay for monitoring immune quiescence in kidney transplantation. J Am Soc 
Nephrol (2014) 26(8):2042–53. doi:10.1681/asn.2013111239 

 20. Anglicheau D, Sharma VK, Ding R, Hummel A, Snopkowski C, Dadhania D, 
et al. MicroRNA expression profiles predictive of human renal allograft status. 
Proc Natl Acad Sci U S A (2009) 106(13):5330–5. doi:10.1073/pnas.0813121106 

 21. Li L, Wadia P, Chen R, Kambham N, Naesens M, Sigdel TK, et al. Identifying 
compartment-specific non-HLA targets after renal transplantation by inte-
grating transcriptome and “antibodyome” measures. Proc Natl Acad Sci U S A 
(2009) 106(11):4148–53. doi:10.1073/pnas.0900563106 

 22. Sutherland SM, Li L, Sigdel TK, Wadia PP, Miklos DB, Butte AJ, et al. Protein 
microarrays identify antibodies to protein kinase Czeta that are associated 
with a greater risk of allograft loss in pediatric renal transplant recipients. 
Kidney Int (2009) 76(12):1277–83. doi:10.1038/ki.2009.384 

 23. Butte AJ, Sigdel TK, Wadia PP, Miklos DB, Sarwal MM. Protein microarrays 
discover angiotensinogen and PRKRIP1 as novel targets for autoantibodies 
in chronic renal disease. Mol Cell Proteomics (2011) 10(3):M110.000497. 
doi:10.1074/mcp.M110.000497 

 24. Sigdel TK, Kaushal A, Gritsenko M, Norbeck AD, Qian WJ, Xiao W, et  al. 
Shotgun proteomics identifies proteins specific for acute renal transplant rejec-
tion. Proteomics Clin Appl (2010) 4(1):32–47. doi:10.1002/prca.200900124 

 25. Ling XB, Sigdel TK, Lau K, Ying L, Lau I, Schilling J, et al. Integrative urinary 
peptidomics in renal transplantation identifies biomarkers for acute rejection. 
J Am Soc Nephrol (2010) 21(4):646–53. doi:10.1681/asn.2009080876 

 26. Sigdel TK, Sarwal MM. The proteogenomic path towards biomarker discovery. 
Pediatr Transplant (2008) 12(7):737–47. doi:10.1111/j.1399-3046.2008.01018.x 

 27. Annesley TM, Clayton LT. Quantification of mycophenolic acid and glucuro-
nide metabolite in human serum by HPLC-tandem mass spectrometry. Clin 
Chem (2005) 51(5):872–7. doi:10.1373/clinchem.2004.047357 

 28. Wishart DS. Metabolomics: a complementary tool in renal transplantation. 
Contrib Nephrol (2008) 160:76–87. doi:10.1159/000125935 

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1007/s12265-010-9214-6
http://dx.doi.org/10.1111/ajt.12019
http://dx.doi.org/10.1586/erm.10.119
http://dx.doi.org/10.1038/nrneph.2013.281
http://dx.doi.org/10.1111/imr.12159
http://dx.doi.org/10.1038/clpt.2011.120
http://dx.doi.org/10.1038/clpt.2011.120
http://dx.doi.org/10.1016/j.transproceed.2011.11.069
http://dx.doi.org/10.1016/j.transproceed.2011.11.069
http://dx.doi.org/10.1038/ki.2010.425
http://dx.doi.org/10.1097/MOT.0b013e32831e13d0
http://dx.doi.org/10.1056/NEJMoa035588
http://dx.doi.org/10.1056/NEJMoa035588
http://dx.doi.org/10.1056/NEJMoa0912965
http://dx.doi.org/10.1056/NEJMoa0912965
http://dx.doi.org/10.1681/asn.2012070663
http://dx.doi.org/10.1371/journal.pmed.1001759
http://dx.doi.org/10.1016/j.clim.2013.04.013
http://dx.doi.org/10.1111/j.1600-6143.2007.02005.x
http://dx.doi.org/10.1111/ajt.12746
http://dx.doi.org/10.1111/ajt.12746
http://dx.doi.org/10.1681/asn.2013111239
http://dx.doi.org/10.1073/pnas.0813121106
http://dx.doi.org/10.1073/pnas.0900563106
http://dx.doi.org/10.1038/ki.2009.384
http://dx.doi.org/10.1074/mcp.M110.000497
http://dx.doi.org/10.1002/prca.200900124
http://dx.doi.org/10.1681/asn.2009080876
http://dx.doi.org/10.1111/j.1399-3046.2008.01018.x
http://dx.doi.org/10.1373/clinchem.2004.047357
http://dx.doi.org/10.1159/000125935


September 2015 | Volume 6 | Article 4589

Wang and Sarwal Mathematical models for transplant markers

Frontiers in Immunology | www.frontiersin.org

 29. Wishart DS. Metabolomics in monitoring kidney transplants. Curr Opin Nephrol 
Hypertens (2006) 15(6):637–42. doi:10.1097/01.mnh.0000247499.64291.52 

 30. Suthram S, Dudley JT, Chiang AP, Chen R, Hastie TJ, Butte AJ. Network-based 
elucidation of human disease similarities reveals common functional modules 
enriched for pluripotent drug targets. PLoS Comput Biol (2010) 6(2):e1000662. 
doi:10.1371/journal.pcbi.1000662 

 31. Yang X, Deignan JL, Qi H, Zhu J, Qian S, Zhong J, et al. Validation of candidate 
causal genes for obesity that affect shared metabolic pathways and networks. 
Nat Genet (2009) 41(4):415–23. doi:10.1038/ng.325 

 32. Butte AJ, Tamayo P, Slonim D, Golub TR, Kohane IS. Discovering functional 
relationships between RNA expression and chemotherapeutic susceptibility 
using relevance networks. Proc Natl Acad Sci U S A (2000) 97(22):12182–6. 
doi:10.1073/pnas.220392197 

 33. Taylor IW, Linding R, Warde-Farley D, Liu Y, Pesquita C, Faria D, et  al. 
Dynamic modularity in protein interaction networks predicts breast cancer 
outcome. Nat Biotechnol (2009) 27(2):199–204. doi:10.1038/nbt.1522 

 34. Morgan AA, Khatri P, Jones RH, Sarwal MM, Butte AJ. Comparison of 
multiplex meta analysis techniques for understanding the acute rejection 
of solid organ transplants. BMC Bioinformatics (2010) 11(Suppl 9):S6. 
doi:10.1186/1471-2105-11-S9-S6 

 35. Chen R, Sigdel TK, Li L, Kambham N, Dudley JT, Hsieh SC, et al. Differentially 
expressed RNA from public microarray data identifies serum protein 
biomarkers for cross-organ transplant rejection and other conditions. PLoS 
Comput Biol (2010) 6(9):e1000940. doi:10.1371/journal.pcbi.1000940 

 36. Schots R, Van Riet I, Othman TB, Trullemans F, De Waele M, Van Camp 
B, et  al. An early increase in serum levels of C-reactive protein is an 
 independent risk factor for the occurrence of major complications and 100-
day  transplant-related mortality after allogeneic bone marrow transplantation. 
Bone Marrow Transplant (2002) 30(7):441–6. doi:10.1038/sj.bmt.1703672 

 37. Vorlat A, Conraads VM, Jorens PG, Aerts S, Van Gorp S, Vermeulen T, 
et  al. Donor B-type natriuretic peptide predicts early cardiac performance 
after heart transplantation. J Heart Lung Transplant (2012) 31(6):579–84. 
doi:10.1016/j.healun.2012.02.009 

 38. Wang A, Du Y, He Q, Zhou C. A quantitative system for discriminating 
induced pluripotent stem cells, embryonic stem cells and somatic cells. PLoS 
One (2013) 8(2):e56095. doi:10.1371/journal.pone.0056095 

 39. Wang A, Zhong Y, Wang Y, He Q. A web-server of cell type discrimination 
system. ScientificWorldJournal (2014) 2014:459064. doi:10.1155/2014/459064 

 40. Einecke G, Reeve J, Sis B, Mengel M, Hidalgo L, Famulski KS, et al. A molecular 
classifier for predicting future graft loss in late kidney transplant biopsies. 
J Clin Invest (2010) 120(6):1862–72. doi:10.1172/JCI41789 

 41. Bair E, Tibshirani R. Semi-supervised methods to predict patient survival 
from gene expression data. PLoS Biol (2004) 2(4):E108. doi:10.1371/journal.
pbio.0020108 

 42. Dabney AR. Classification of microarrays to nearest centroids. Bioinformatics 
(2005) 21(22):4148–54. doi:10.1093/bioinformatics/bti681 

 43. Dudoit S, Fridlyand J, Speed TP. Comparison of discrimination methods for 
the classification of tumors using gene expression data. J Am Stat Assoc (2002) 
97:77–87. doi:10.1198/016214502753479248 

 44. Tibshirani R. Regression selection and shrinkage via the lasso. J R Stat Soc 
Series B (1994) 58:267–88. 

 45. Zou H, Hastie T. Regularization and variable selection via the elastic net. 
J R Stat Soc Ser B Stat Methodol (2005) 67:301–20. doi:10.1093/brain/awv075 

 46. Tibshirani R, Hastie T, Narasimhan B, Chu G. Diagnosis of multiple cancer 
types by shrunken centroids of gene expression. Proc Natl Acad Sci U S A 
(2002) 99(10):6567–72. doi:10.1073/pnas.082099299 

 47. Reeve J, Einecke G, Mengel M, Sis B, Kayser N, Kaplan B, et al. Diagnosing 
rejection in renal transplants: a comparison of molecular- and histo-
pathology-based approaches. Am J Transplant (2009) 9(8):1802–10. 
doi:10.1111/j.1600-6143.2009.02694.x 

 48. Kurian SM, Williams AN, Gelbart T, Campbell D, Mondala TS, Head SR, 
et al. Molecular classifiers for acute kidney transplant rejection in peripheral 
blood by whole genome gene expression profiling. Am J Transplant (2014) 
14(5):1164–72. doi:10.1111/ajt.12671 

 49. Roedder S, Vitalone M, Khatri P, Sarwal MM. Biomarkers in solid organ 
transplantation: establishing personalized transplantation medicine. Genome 
Med (2011) 3(6):37. doi:10.1186/gm253 

 50. San Segundo D, Millan O, Munoz-Cacho P, Boix F, Paz-Artal E, Talayero 
P, et  al. High proportion of pretransplantation activated regulatory T cells 
(CD4+CD25highCD62L+CD45RO+) predicts acute rejection in kidney 
transplantation: results of a multicenter study. Transplantation (2014) 
98(11):1213–8. doi:10.1097/TP.0000000000000202 

 51. Lin D, Hollander Z, Ng RT, Imai C, Ignaszewski A, Balshaw R, et al. Whole 
blood genomic biomarkers of acute cardiac allograft rejection. J Heart Lung 
Transplant (2009) 28(9):927–35. doi:10.1016/j.healun.2009.04.025 

 52. Mardia K, Kent J, Bibby JM. Multivariate analysis. Analysis (1979) 97:1–4. 
 53. McCall MN, Bolstad BM, Irizarry RA. Frozen robust multiarray analysis 

(fRMA). Biostatistics (2010) 11(2):242–53. doi:10.1093/biostatistics/
kxp059 

 54. Hedges LV, Cooper H, Bushman BJ. Testing the null hypothesis in meta- 
analysis: a comparison of combined probability and confidence interval 
procedures. Psychol Bull (1992) 111:188–94. doi:10.1037/0033-2909.111.1.188 

 55. Cleveland WS. Robust locally weighted regression and smoothing scatterplots. 
J Am Stat Assoc (1979) 74:829–36. doi:10.1080/01621459.1979.10481038 

 56. Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray expres-
sion data using empirical Bayes methods. Biostatistics (2007) 8(1):118–27. 
doi:10.1093/biostatistics/kxj037 

 57. Wang A, Huang K, Shen Y, Xue Z, Cai C, Horvath S, et  al. Functional 
modules distinguish human induced pluripotent stem cells from embry-
onic stem cells. Stem Cells Dev (2011) 20(11):1937–50. doi:10.1089/ 
scd.2010.0574 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2015 Wang and Sarwal. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, distribu-
tion or reproduction in other forums is permitted, provided the original author(s) 
or licensor are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1097/01.mnh.0000247499.64291.52
http://dx.doi.org/10.1371/journal.pcbi.1000662
http://dx.doi.org/10.1038/ng.325
http://dx.doi.org/10.1073/pnas.220392197
http://dx.doi.org/10.1038/nbt.1522
http://dx.doi.org/10.1186/1471-2105-11-S9-S6
http://dx.doi.org/10.1371/journal.pcbi.1000940
http://dx.doi.org/10.1038/sj.bmt.1703672
http://dx.doi.org/10.1016/j.healun.2012.02.009
http://dx.doi.org/10.1371/journal.pone.0056095
http://dx.doi.org/10.1155/2014/459064
http://dx.doi.org/10.1172/JCI41789
http://dx.doi.org/10.1371/journal.pbio.0020108
http://dx.doi.org/10.1371/journal.pbio.0020108
http://dx.doi.org/10.1093/bioinformatics/bti681
http://dx.doi.org/10.1198/016214502753479248
http://dx.doi.org/10.1093/brain/awv075
http://dx.doi.org/10.1073/pnas.082099299
http://dx.doi.org/10.1111/j.1600-6143.2009.02694.x
http://dx.doi.org/10.1111/ajt.12671
http://dx.doi.org/10.1186/gm253
http://dx.doi.org/10.1097/TP.0000000000000202
http://dx.doi.org/10.1016/j.healun.2009.04.025
http://dx.doi.org/10.1093/biostatistics/kxp059
http://dx.doi.org/10.1093/biostatistics/kxp059
http://dx.doi.org/10.1037/0033-2909.111.1.188
http://dx.doi.org/10.1080/01621459.1979.10481038
http://dx.doi.org/10.1093/biostatistics/kxj037
http://dx.doi.org/10.1089/scd.2010.0574
http://dx.doi.org/10.1089/scd.2010.0574
http://creativecommons.org/licenses/by/4.0/

	Computational models for transplant biomarker discovery
	Introduction
	High-Dimensional Data Applications in Transplantation
	Computational Challenges and Approaches for Selecting Biomarkers from High-Dimensional Data
	Stepwise-Based Models
	Traditional Stepwise Methods
	Lasso (Least Absolute Shrinkage and 
Selection Operator)
	Elastic-Net

	Modified t-Statistic Methods
	Prediction Analysis of Microarrays
	ClaNC

	Principal Component Analysis
	Genes Selected by Correlating with 
Clinical Variables

	Evaluation of Models and Biomarkers Requires Robust Validation
	Prediction Models for Biomarker 
Risk Analysis
	Linear Discriminant Analysis
	Logistic Regression

	Correlation
	Data Integration Strategies
	Normalization and Batch Effect Removal
	Frozen Robust Multiarray Analysis
	p-Value Meta-Analysis
	Fold-Change Meta-Analysis

	Conclusion and Future Directions
	References




