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ABSTRACT 

 

 Modern Engineering Asset Management (EAM) requires the accurate assessment of 

current and the prediction of future asset health condition. Suitable mathematical models 

that are capable of predicting Time-to-Failure (TTF) and the probability of failure in 

future time are essential. In traditional reliability models, the lifetime of assets is 

estimated using failure time data. However, in most real-life situations and applications, 

the lifetime of assets is influenced by different risk factors, which are called covariates. 

These covariates change stochastically and may influence and/or indicate the failure 

time. Research shows that many statistical models have been developed to estimate the 

hazard of assets or individuals with covariates. This paper is a state-of-the-art review of 

the existing literature on these covariate models in both the reliability and biomedical 

fields. One of the major purposes of this expository paper is to synthesise these models 

from biomedical fields. For example, Neurotransmitters can have both toxic and trophic 

functions in addition to their role in neural signaling. Surprisingly, chronic blockade of 

GABAA receptor activity for 5–8 d in vitro enhanced survival, suggesting that GABAA 

receptor overactivation may be neurotoxic. Potentiating GABAA receptor activity by 

chronic treatment with the endogenous neurosteroid. Other potentiators of GABAA 

receptors, including benzodiazepines, mimicked the cell loss, suggesting that 

potentiating endogenous GABA activity is sufficient to produce neuronal death. 

Neurosteroidtreated neurons had lower resting intracellular calcium levels than control 

cells and produced smaller calcium rises in response to depolarizing challenges. The 

results may have implications for the mechanisms of programmed cell death in the 

developing CNS as well as implications for the long-term consequences of chronic 

GABAmimetic drug use during development. 
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1.INTRODUCTION 

  In recent years, the emphasis on prognostics and asset life prediction has 

increased in the area of Engineering Asset Management (EAM) due to longer-term 

planning and budgeting requirements. One essential scientific research problem in EAM 

is the development of mathematical models that are capable of predicting Time-To-

Failure (TTF) and the probability of failures in future time. In most real-life situations 

and applications, the hazard (failure rate) of assets is influenced and/or indicated by 

different risk factors, which are often termed as covariates. Probabilistic modelling of 

assets lifetime using covariates (i.e. diagnostic factors and operating environment factors) 

is one of the indispensible scientific research problems for prognostics and asset life 

prediction. 

 

 Until now, a number of statistical models have been developed to estimate the 

hazard of an asset/individual with covariates in both the reliability and biomedical fields. 

Most of these models are developed based on the Proportional Hazard Model (PHM) 

theory which was proposed by Cox in 1972 [1]. The basic theory of these covariate 

models is to build the baseline hazard function using historical failure data and the 

covariate function using covariate data. There are few review papers on the covariate 

models which have been reported in the literature. Kumar and Westberg [2] provides a 

review of some reliability models for analysing the effect of operating conditions on 

equipment lifetime. Discusses new research directions for Condition Monitoring (CM) 

and reviews some prognostic models in EAM. 

 

Almost all existing covariate models have been applied in the biomedical field. 

However, some of them have been applied in the reliability area. This expository paper is 

a collective review of the existing literature on covariate models in both the reliability 

and biomedical fields. In this paper, each individual covariate model has been 

contextually grouped into nonparametric and semi-parametric models. Moreover, 

comments on their merits and limitations are discussed. Applications of each model in 

both biomedical and reliability field are also presented. The purpose of this study is to 

facilitate the application of more covariate modelling techniques into prognostics and 

asset life prediction. 

 

2. SURVIVAL / RELIABILITY MODELS WITH COVARIATES 

 

Survival / reliability analysis (also called failure time analysis) is a specific field 

of statistics that studies failure time and its probability on a group or groups of 

assets/individuals. Failure time is a defined point event, often called failures, occurring 

after a length of time. Some examples of failure times include the lifetimes of machine 

components in reliability field, the survival times of patients in a clinical trial, and 

durations of economic recessions in economics. In the 1980s and early 1990s, survival 

models with covariates have been widely applied in both the reliability and biomedical 

research. In general, the survival / reliability models with covariates can be classified into 

two groups as: non-parametric and semi-parametric models, which are discussed in the 

following. 
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3. NON-PARAMETRIC MODELS 

 

In non-parametric models, the form of degradation paths or distribution of 

degradation measure is unspecified [4]. When the failure time data involve complex 

distributions that are largely unknown, or when the number of observations is small, it is 

difficult to accurately fit a known failure time distribution. In other words, non-

parametric models are used to avoid making unrealistic assumptions that would be 

difficult to test . Such models to be reviewed include: (i)Proportional covariate model. 

 

3.1  Proportional Covariate Model 

The Proportional Covariate Model (PCM) is developed . PCM assumes that 

covariate of a system, or a function of those covariates, are proportional to the hazard of 

the system.  

     Zr (t) =  C(t) h(t)     

      

            Where Zr (t) is the covariate function which is usually time dependent. The 

variable C(t)  is the baseline covariate function which is also usually time dependent. The 

function h(t)  is the hazard of a system. Maximum likelihood estimation is used to 

estimate parameters.  

 

(i) Baseline covariate function C(t) can take into account both historical failure data and  

historical condition monitoring data 

 

(ii) Baseline covariate function can be updated according to newly observed failure data 

and covariates 

 

(iii) PCM is used to update the hazard of a system 

 

(iv) This model does not consider operating environment data. Thus, this model is not 

sensitive to severe environments (e.g. high ambient temperature) 

 

(v) Unlike the authors’ claims as an advantage of the model, PCM requires historical 

failure data to establish the covariate baseline. 

 

4. SEMI-PARAMETRIC MODELS 

 

In parametric models, the form of degradation paths or distribution of degradation 

measure is specified and/or partially specified [5]. These models can be classified as: 

(i)  Weibull proportional hazard model 

 

4.1 Weibull Proportional Hazard Model 

The Weibull Proportional Hazard Model (WPHM) is a special case of PHM when 

the Weibull distribution is assumed for the failure times. Thus, in this model the baseline 

hazard function is Weibull distribution . This model, as employed by introduces a new 

concept in reliability of utilising diagnostic factors (condition monitoring data) as 

explanatory variables. This model is expressed as [3,4]: 
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    h(𝑡; 𝒛(𝑡))  = (𝛽/𝜂) (𝑡/ 𝜂)
 𝛽 −1

 𝜓(𝜸𝒛(𝑡))  
Suppose that the values x1,x2,…xk  of k covariates X1,X2…Xk are recorded for each of n 

observations. Under the proportional hazard model, the hazard of death at time t for the 

ith observation is: 

 

λ( ti ; xi ) = λ0 (ti) exp (α θ 
T
 xi ),  for i = 1,…n .  

 

Although this model has a similar appearance to Cox hazard model, there is one 

fundamental difference which concerns the signification of the baseline hazard function  

λ0 (t) . In the Cox regression model, the form of  λ0 (t) is unspecified, and the share of the 

function is essentially determined by the actual data. In the model being considered in 

this study, the survival times are assumed to have a Weibull distribution, and this imposes 

a constant parametric form on  λ0 (t) when  α = 1, decreasing parametric form when α < 1 

and increasing parametric form when  α > 1. 

 

Consider an observation for which the values of the k covariates in the model of 

equation  are all equal to zero. The hazard function for such an individual is  λ0 (t) . If the 

survival time of observation has a Weibull distribution with scale parameter θ  and shape 

parameter α , then its hazard function is such that  

 

λ0 (t) =  α θ 
α
 t

(α-1)
  

 

Using above equation, the hazard function for ith observation in the study is then given 

by: 

λ( ti ; xi ) =  α θ 
α
 t

(α-1) 
 exp (α θ 

T
 xi ) 

 

From the form of this hazard function we can see that the survival time of the ith 

observation in the study has a Weibull distribution with scaled parameter  θ 
α
 exp(α θ 

T
 xi 

). 

 

5. APPLICATIONS 

 

Neurotransmitters can have acute or chronic toxic effects on neurons in addition 

to roles in moment to moment signaling. A particularly well studied example is the 

neurotransmitter glutamate, which through excessive activation of postsynaptic receptors 

can initiate necrotic and apoptotic neuronal death. In many cases, glutamate receptor 

overactivation and resultant death are associated with pathological increases in 

intracellular calcium[6]. 

 

A potential role for other neurotransmitters, particularly inhibitory 

neurotransmitters, in mediating either normal or pathological neuronal death is unclear. 

Recent results suggest a rapid neuronal death is elicited by chloride flux through GABAA 

and glycine receptors in embryonic retina and that a component of the acute swelling of 

dendrites in response to insults is blocked by GABAA receptor antagonists. Also, fetal 

forebrain GABAergic neurons are susceptible to death by treatment with GABA agonists. 

These more recent observations coupled with aforementioned excitotoxicity suggest that 
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proper balance between excitation and inhibition may be critical to cell survival in the 

CNS and that overinhibition, like overexcitation, may be toxic. 

 

We investigated the possibility that the primary inhibitory brain neurotransmitter 

GABA is neurotoxic. We examined this hypothesis in the context of studies of 

neurosteroid-mediated enhancement of GABAergic neurotransmission. Neurosteroids are 

progesterone and deoxycorticosterone metabolites produced in the CNS and periphery 

that are putative endogenous modulators of GABAA receptors. Of particular interest 

clinically have been neurosteroids that positively modulate the GABAA receptor, because 

these compounds, administered exogenously, are effective anesthetics, anticonvulsants, 

and anxiolytics. Of many known modulators of GABAA receptors, neurosteroids are the 

clearest example of an endogenous substance capable of altering GABA receptor 

activity[7]. 

Our results show that excessive GABAA receptor activation initiates a slow form 

of neuronal death in cultured neurons. The death is slow whether immature or mature 

synaptic networks are present, is not caused by direct or indirect excitotoxic mechanisms, 

and may be related to depressed intracellular calcium levels. The results are potentially 

relevant to diseases of the nervous system, to normal developmental neuronal death, and 

to the chronic effects of abused and therapeutic GABA mimetic drugs on the developing 

nervous system. 

 

A                B    C 

                

Figure : Intracellular calcium responses suggest that GABA is not excitatory. A–C, Calcium rises were 

measured in response to 100 M GABA applied by local perfusion to cultured neurons at DIV 8–10. Raw 

traces represent ratiometric Fura-2 images from a control neuron (A), DHP-treated neuron (B), and a 
control neuron loaded with   140 mM chloride (C) using a whole-cell recording pipette. In A and B, cells 

were also challenged with 300 M NMDA in extracellular saline containing no added Mg2+ and 5 M 

glycine to confirm the ability of neurons to respond to excitation with a calcium increase. The data are from 

one plating but are representative of three independent experiments in which no calcium response from 100 

M GABA was observed. 

 

 In a experiment to test involvement of excitotoxicity in neurosteroid-mediated 

neuronal death, we examined the effect of the AMPA receptor antagonist NBQX (1 M) 

and the NMDA receptor antagonist D-APV (50 M) on DHP-induced neuronal death. A 

clear interpretation of these results was precluded by enhanced neuronal death in the 

presence of APV or NBQX alone. Cell numbers evaluated at DIV 10–12 were reduced by 

40–60% by APV and NBQX (n = 3 experiments). These results are consistent with recent 
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suggestions of induction of apoptosis by NMDA receptor antagonists and are consistent 

with the idea that overinhibition causes slow death of  neurons[8]. 

 

 

7. DISCUSSION 

 

We have presented evidence that preventing endogenous GABA actions at 

GABAA receptors blocks a fraction of the neuronal death occurring normal in cultures. 

Potentiation of GABAA receptors with neurosteroids or other classes of potentiators of 

GABAA receptors causes death of ~80% neurons over the course of 1 week in vitro[9]. 

The enhanced neuronal death is prevented by including antagonists of GABAA receptors 

in the culture medium. Chronic depolarization of cells with elevated extracellular 

potassium or direct facilitation of calcium influx inhibits the susceptibility of the neurons 

to GABA-induced death and promotes basal cell survival. These results suggest a new 

means by which neurons could be targeted for programmed cell death during 

development and may have important implications for mechanisms by which an 

important class of drugs, notable for both their clinical utility and abuse potential, may 

promote neuronal toxicity in the developing nervous system. 

 

8. MATHEMATICAL RESULTS 

 
   θ = 47.8048  α = 81.037     θ = 47.8048  α = 75 

               

             θ = 0.7515  α = 4.201               θ = 0.4717  α = 5.8409 

               

θ = 0.5138  α = 6.0352    θ = 4.201  α = 57.111 
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CONCLUSION 

This expository paper reviews the existing literature on hazard models with 

covariates (termed covariate models) in biomedical fields. This paper synthesises these 

models from reliability and biomedical fields and then contextually groups them into: 

non-parametric and semi-parametric models. These models have been discussed so as to 

establish suitable potential applications, especially for the information of fellow 

researchers. This review paper demonstrates that all of these covariate models have been 

developed and then tested in the biomedical field to estimate the survival time of patients 

or individuals. Most covariate models have not yet been effectively applied in reliability 

analysis. One reason for this situation may be the lack of awareness of these covariate 

models by reliability engineers. Moreover, due to the prominence of some models (e.g. 

PHM and WPHM), attempts to develop and apply alternative covariate models in the 

reliability field have been somehow stifled. It may be beneficial to introduce and evaluate 

more covariate models to reliability analysis. These results suggest a new means by 

which neurons could be targeted for programmed cell death during development and may 

have important implications for mechanisms by which an important class of drugs, 

notable for both their clinical utility and abuse potential, may promote neuronal toxicity 

in the developing nervous system. 
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