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Abstract

Objective: Controversy exists in using alanine aminotransferase (ALT) activity for predicting long-term survival. Therefore,
this research study investigated the association between ALT activity and mortality through a systematic review and meta-
analysis of previous prospective studies.

Methods: Electronic literature databases, including PubMed, Embase, and the Institute for Scientific Information (ISI), were
searched for relevant prospective observational studies (published before Dec 30, 2013) on the association between
baseline ALT activity and ensuing all-cause/disease-specific mortality. Information on nationality, sample size, participant
characteristics, follow-up duration, comparison, outcome assessment, hazard ratios (HRs) and adjusted covariates was
extracted. Pooled HRs and corresponding 95% confidence intervals (Cls) were separately calculated for categorical risk
estimates (highest vs. lowest ALT categories) and continuous risk estimates (per 5 U/l of ALT increment) in subgroups
separated by age (<70/=70 years).

Results: A total of twelve prospective cohort studies, totaling 206,678 participants and 16,249 deaths, were identified and
analyzed. In the younger age group, the pooled HR for mortality related to liver-disease was about 1.24 (95% Cl: 1.23-1.25)
per 5 U/l of ALT increment. The dose-response HRs of all-cause mortality, cardiovascular (CV) disease-related mortality, and
cancer-related mortality were 0.91 (0.88-0.94), 0.91 (0.85-0.96), 0.92 (0.86-0.98) respectively per 5 U/l of ALT elevation, with
insignificant heterogeneity in the older population. There was an approximate decrease of 4%o observed on HRs of all-cause,
CV-related, and cancer-related mortality followed with one year's increment through meta-regression (all P<<0.05).

Conclusions: The ALT-mortality association was inconsistent and seems particularly susceptible to age after synthesizing
the previous prospective studies. In terms of the age, ALT activity was more valuable in predicting mortality in the older
population; extremely low ALT levels indicated a higher all-cause, CV-related, and cancer-related mortality. ALT activity may
therefore be a useful biomarker when predicting the long-term survival of elderly patients.
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Introduction all-cause/cause specific (including cardiovascular (CV) disease,
cancer, and liver disease) mortality in long-term follow-up
duration. The elevated ALT activity was potentially indicative of
unrecognized liver disease that especially caused deaths in
populations with a high prevalence of viral hepatitis [3]. On the
other hand, elevated ALT activity was a potential predictor of CV
disease that might add to a risk of death through the metabolic

Measurements of serum alanine aminotransferase (ALT) activity
is an available and low-cost biochemical assay in annual health
check-ups. Serum ALT activity is not only a biomarker for
monitoring liver damage, but is also a predictor for evaluating
overall health [1,2]. In previous epidemiological prospective
cohort surveys [3-5], elevated ALT activity was associated with
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syndrome (MetS) [6,7]. However, these associations have been
inconsistent and controversial as some prospective studies have
failed to observe a significant association between ALT activity
and mortality [8-14].

Recently, lower ALT activity was linked to decreased long-term
survival in older population [13,15,17-19]. The clinical signifi-
cance of extra low ALT activity as a reliable biomarker for
predicting increased mortality, especially in aging population
(mean age=70 years) [13,15-18], has caused worldwide concern.
The possible interpretation is that the lower AL'T activity indicates
aging and frailty [19-22] in overall health, decreased size and
reduced blood flow of the liver [23,24], which might increase
susceptibility to a number of diseases.

The association between ALT activity and mortality is complex,
inconsistent and controversial. One study that examined prior
prospective studies indicated that increased age and ensuing frailty
might be a possible confounder in the ALT-mortality association
[25]. Age may play a crucial role in mediating the ALT-mortality
assocliation [26]; however, the pooled risks of mortality caused by
ALT variation and the exact effects of age on this association have
never been assessed. Therefore, a systematic review and meta-
analysis of previous prospective cohort studies classified by mean
age (<70/=70 years) was performed to evaluate the pooled effect
of ALT activity on the risk of all-cause/ cause-specific mortality. In
addition, the exact effect of age on this association was quantified
through meta-regression. Furthermore, subgroup and sensitivity
analysis was conducted to search for other potential confounders
that might cause heterogeneity in synthetic analysis. To the best of
our knowledge, this is the first systematic review and meta-analysis
to evaluate the association between ALT activity and all-cause/
disease- specific mortality.

Materials and Methods
PRISMA and flow diagram

The meta-analysis was conducted according to the guidelines of
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) [27]. The supporting PRISMA checklist and
flow diagram for this meta-analysis is available as supporting
information; see Checklist S1 and Flow Diagram S1, respectively.

Search strategy and study selection

An extensive relevant literature search was conducted in
PubMed, Embase and the Institute for Scientific Information
(ISI) database, without language restrictions, through help from a
qualified librarian (last updated at Dec 30th, 2013). The search
was restricted to studies conducted in human subjects. Medical
subject headings “alanine aminotransferase”, ‘“‘transaminase”,
“liver enzyme”, “ALT”, and “mortality”’ were used for searching
the relevant literatures. The following search terms were used in
PubMed: (alanine aminotransferase [All Fields] OR alanine
aminotransferase [MeSH] OR transaminase [MESH] OR trans-
aminase [All Fields] AND mortality [MeSH]). Similar search
terms were applied to Embase and ISI (see Table S1). In addition,
a manual search of citations from relevant original studies and
review articles was performed. The reporting of this systematic
review and meta-analysis were performed in accordance with the
Meta-analysis of Observational Studies in Epidemiology
(MOOSE) guidelines [28].

Only reports fulfilling the following inclusion criteria were
included in the systematic review and meta-analysis: 1) prospective
cohort studies published with original data, 2) ALT levels and
mean age range of study participants at baseline were reported,
and all-cause (essential) and/or cause-specific (including CV,
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cancer, and liver disease; dispensable) related mortality was an end
point associated with ALT activity, 3) the hazard ratio (HR) or
relative risk (RR) of mortality in the population with the lowest
ALT category was treated as reference data, 4) studies that
contained the minimum information necessary to estimate the
continuous or dichotomous HR or RR of all-cause/cause-specific
mortality caused by ALT elevation compared in the same
population were provided or obtained by calculation. If data were
duplicated in more than one study, the most recent study was
included in the analysis. Literature reviews, retrospective cohort
studies, twins studies, case-control studies, case-cohort studies, and
animal studies were excluded.

Quality assessment

The quality of each study was independently assessed through
two authors using the Newcastle-Ottawa Scale (NOS) [29].The
NOS consists of three parameters of quality: selection, compara-
bility, and outcome for cohort studies (Table S2). The NOS
assigned a maximum of four stars for selection, two stars for
comparability, and three stars for outcome. Therefore, nine stars
reflected the highest quality. Studies with more than six stars were
considered high quality. When discrepancies occurred, a joint
revaluation of the original article was performed with a third
author.

Outcome measures and data extraction

Mortality outcomes consisted of all-cause mortality and the
following cause-specific mortality were based on death certificates
with underlying cause of death coded according to the Interna-
tional Classification of Diseases, Ninth Revision (ICD-9) [30]: CV
mortality included the following subgroups according to ICD-9:
coronary heart disease (ICD-9 410 to 414), congestive heart failure
(ICD-9 428, 429), other cardiovascular disease (ICD-9 401 to 405,
440 to 443), stroke (ICD-9 430 to 438), cancer mortality (ICD-9
140 —239), and liver disease mortality (ICD-9 70.2-70.9, 275.0—
275.1, and 570-573).

Two authors independently extracted information using a
standardized reporting form with predefined criteria specifically
for this review. Study characteristics recorded were extracted as
follows: first author, publication year, country of origin, study
characteristics (numbers of participants and cases, definition of
normal ALT value and percentage of participants in normal
range, gender category, mean age range of populations, measures
of outcome, follow-up durations, comparison style, adjusted HR or
RR of mortality estimated from multivariable analysis according
to the comparison style referred before and adjusted covariates in
detail). When effects estimated in the same population were
reported in different follow-up durations, only data with the
longest follow-up time were included.

Statistical analysis

HR was selected as the effect to assess the association between
ALT and all-cause/disease specific mortality. RR was treated as
HR. Data analyses used the most multivariate-adjusted HR and
95% CI. If the publications reported separate HR for gender or
age, the pooled HRs were separately pooled as independent data
points in subsequent meta-analysis. Otherwise, the separate HRs
were combined.

To distinguish the clinical significance of ALT activity in
different age groups, all of the enrolled studies were divided into
two separate groups by mean age (<70/=70 years). The pooled
HRs were calculated with the use of STATA METAN [31]. The
separate HRs reported in subgroups categorized by body mass
index (BMI) were revaluated by combining the enrolled number
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and the death case under a different ALT level range with the use
of STATA METAN [31]. Second, the combined HRs of all-cause,
CV disease-related, cancer-related, and liver disease-related
mortality were calculated between higher and lower ALT levels
using the most fully adjusted covariates estimated in the younger
and older population separately. Third, the dose-response HR of
all-cause, CV disease-related, cancer-related, and liver disease-
related mortality with 5 U/l of ALT increment in the two separate
groups was calculated according to reported data (categories of
ALT levels on median dose, number of cases and participants, and
effect estimates with corresponding standard errors were required)
using a method previously proposed [32,33]. Median or mean
values in each group were presented according to categories of
ALT activity. When this information was not reported, the
midpoint of the upper and lower boundaries (as the approximate
medians) was assigned. When the highest category was open-
ended, the lower end value of the category multiplied by 1.2 was
assigned [33]. Pooled HRs of disease-specific deaths caused by
5 U/1 of ALT increment were then estimated to further analyze
the association between ALT activity and disease-specific mortality
in the two separate groups.

To explore the influence of age on the association between ALT
levels and all-cause/disease-specific mortality, meta-regression
analyses were performed with the METAREG command [34].
The robustness of findings with respect to different assumptions
was estimated by conducting a sensitivity analysis with METAINF
command to search for outliers that might be the main origin of
the heterogeneity in the overall analysis. Outliers identified were
omitted and the impact was re-evaluated in the residual studies.

Furthermore, subgroup analysis was performed on enrolled
studies divided by gender, ethnicity, follow-up duration, sample
size, comparisons, observational indicator, previous use of statin
medication, whether mainly (>95%) in the self-defined normal
range of ALT levels, whether adjusted for alcohol intake, and
MetS components (four or more MetS components adjusted
according to the NCEP-ATP-III criteria [35]) as covariates in
younger and older subgroups (classified by mean age <70 years/
=70 years, respectively). All the subgroup analysis aimed to
explore the sources of potential variability in examining the
association between ALT level and all-cause/disease-specific
mortality.

The heterogeneity among studies was evaluated by the Chi-
square-based Q test and I? test. Values of 25%, 50%, and 75%
value for I? represented low, moderate, and high heterogeneity,
respectively [36]. If there was no significant heterogeneity (P-value
>0.05 and 1°<50%), the fixed-cffect model was chosen to estimate
the summary HR and 95% CI. Otherwise, the random-effect [37]
model was used. Finally, Begg’s funnel plot and Egger’s test
[38,39] were used to assess potential publication bias with the
METABIAS command [40] in STATA. A P-value >0.05 was
considered insignificance. The meta-analysis was performed using
Stata 12.0 software (Stata, College Station, TX, USA).

Results

Literature retrieval

The flow chart of enrolled studies for systematic review and
meta-analysis is shown in Figure S1. A total of 4061 studies were
retrieved from three databases (PubMed, Embase, and ISI) after
the exclusion of 417 duplications. Among the 4061 studies, 4034
were removed by screening the titles and abstracts. The remaining
27 publications were independently screened through two authors
(Zhengtao Liu and Shuping Que). Ten papers were finally
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included in the review (Cohen’s Kappa=0.724). The process
and reasons for exclusion are shown in Figure S1.

Characteristics of the included studies

Twelve prospective cohort studies, included in ten literatures
involving 206,678 participants and 16,249 all-cause deaths in the
follow-up duration, were enrolled in the systematic review and
meta-analysis (Table 1). Among the twelve studies, three were
performed in Asia, seven were performed in Europe, and three
were performed in the USA. The mean age of participants ranged
from 42 to 85 years and the durations of follow-up ranged from 2
to 14 years. Seven studies reported on the association between
ALT level and specific mortality caused by CV, cancer, and liver
disease [3,11,13,14]. CV disease-related mortality was the major
cause of mortality, with 4517 deaths in the follow-up (accounting
for 27.8% of the overall mortality), followed by mortality due to
cancer (3767 deaths, 22.6% of the overall mortality), and deaths
due to liver disease (558 deaths, 3.43% of the overall mortality).
Most studies enrolled both men and women, except for a German
[8] and Scottish study (WOSCOPS) [13] that only focused on
men). Seven of the twelve studies defined their normal range of
ALT levels (from 19 to 55 U/I). The percentage of participants
within a self-defined normal range of ALT values ranged from
85.6% to 96% in respective studies. One publication excluded
those infected with the hepatitis B virus (HBV) or hepatitis C virus
(HCV) infectors [11]. Another publication (including two data
clusters) excluded the ALT outlier subjects (higher than three times
the cut-off value) [13]. The majority of enrolled studies adopted
the HR as an observational indicator, except for two studies that
applied RR as an observational indicator [3,8]. All the studies
evaluated HRs (or RRs) and 95% CIs of mortality between
participants with higher and lower ALT activity after adjusting
confounding covariates. HRs evaluated in specific subgroups,
classified by age or genders, were also presented if provided in
enrolled literatures (Table 1). One Japanese study [4] reported the
HR in a population categorized by median BMI and the HR was
revaluated in the whole population (Table 1).

Quality assessment results

All of the prospective studies were of high quality (NOS score
>6). The average NOS score of the studies overall was 7.58. The
quality assessment scores by NOS are shown in Table S2.

Meta-analysis

According to age and gender, seventeen, eleven, eight and four
data clusters were extracted to evaluated the pooled HRs of all-
cause, CV disease-related, cancer-related, and liver disease-related
mortality, compared between participants with higher and lower
ALT levels respectively (in overall, younger, and older subgroups;
Figure 1). With regard to the HRs compared between participants
with higher and lower ALT levels, the heterogeneities of HRs
decreased from all-cause to disease-specific mortality. In addition,
the heterogeneities of HRs in the younger population were larger
than the older population (Figure 1). When pooling the dose-
response HRs of all-cause, CV disease-related, cancer-related, and
liver disease-related mortality per 5 U/l of ALT increment
(Figure 2), heterogeneity significantly decreased in the older
subgroup. However, the heterogeneity was still significant in the
younger population. In the older population, negative associations
were observed between ALT increment and all-cause, CV disease-
related, cancer-related mortality (HR: 0.91, 95% CI: 0.88-0.94,
for all-cause mortality; HR: 0.91, 95% CI: 0.85-0.96, for CV
disease-related mortality; HR: 0.92, 95% CI: 0.86-0.98, for
cancer-related mortality). Pooled HRs in the older population
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Figure 1. Meta-analysis of comparing hazard ratio of mortality between the highest versus lowest category of ALT levels classified
by age. A represented the ALT-all cause mortality association; B represented the ALT-CV related mortality association; C represented the ALT-cancer
related mortality; D represented the ALT-liver disease related mortality. Abbreviations: ALT: alanine aminotransferase; HR: hazard ratio.

doi:10.1371/journal.pone.0091410.g001

were much lower than HRs in younger people (all heterogeneity
between subgroups P<<0.001, Figure 3). In younger adults,
moderately elevated HRs of all-cause mortality (HR: 1.06, 95%
CI: 1.06-1.07), CV-related mortality (HR: 1.03, 95% CI: 1.02—
1.05), and cancer-related mortality (HR: 1.07, 95% CI: 1.06-1.08)
per 5 U/l of ALT increment were observed with significant
heterogeneity (Figure 2). Notably, high HRs of liver-disease related
mortality per 5 U/l of ALT elevation were observed in every
referred study (all in the younger population). An approximate
increase of 24% in liver-disease related mortality with 5 U/l of
ALT increment was observed (HR: 1.24, 95% CI: 1.23-1.25;
Figure 2).

Furthermore, the quantitative impacts of age on the association
between ALT variation and mortality (from all-cause, CV disease-
related, and cancer-related) were evaluated by meta-regression
analysis (Figure 3). Moderate but consistent inverse effects of age
on HRs of all-cause, CV disease-related, and cancer-related
mortality caused by ALT increment were observed. A decrease of

PLOS ONE | www.plosone.org

approximately 4%o on dose-response HRs of mortality related to
all-cause (95% CI: 0.994-0.998), CV-disease (95% CI: 0.992-
0.998), and cancer (95% CI: 0.994-0.998) followed with one year’s
age increment were observed with significant trends (all £<<0.03,
Figure 3).

Sensitivity and subgroup analyses

Because high heterogeneity was present in the overall analysis,
sensitivity analyses were conducted by stepwise omitting one study
and re-evaluating the summary HRs of relative mortality on the
residual studies to estimate the impact of a single study on
combined results classified by age (Figure 4, Figure 5). In younger
adults, the data clusters from Korean males [3] and the Scottish
population with statin medication [13] were the outliers that
caused the HRs of all-cause, CV disease-related, and cancer-
related mortality deviated from the middle. Meanwhile, results
reported in Korean males led to outlying liver-disease related
mortality in the overall analysis (Figure 4). For older people, the
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Figure 2. Meta-analysis of comparing hazard ratio of mortality with 5 U/l of ALT increment classified by age. A represented the ALT-all
cause mortality association; B represented the ALT-CV related mortality association; C represented the ALT-cancer related mortality; D represented
the ALT-liver disease related mortality. Abbreviations: ALT: alanine aminotransferase; HR: hazard ratio.

doi:10.1371/journal.pone.0091410.g002

American and Dutch studies [14,18] also influenced the overall
results; however, the impacts were lower than the outliers in
younger adults (Figure 5). These outliers also contributed to the
heterogeneity in subgroup analysis.

In the following sensitivity analysis, the pooled HRs were
revaluated after excluding the outliers by age (Table 2). The
heterogeneity decreased to insignificance in most ALT-mortality
associations, except for the ALT-CV-disease mortality in the
younger population (Table 2). The pooled HRs decreased further
after excluding the outliers, except for the pooled HR of liver-
disease related mortality caused by ALT elevation in the younger
subgroup (Table 2). ALT activity lost its significant association
with CV disease-related mortality after excluding the outliers in
the younger population (HR: 1.01, 95% CI: 0.95-1.07; Table 2).

In addition, we attempted to evaluate the potential source of
heterogeneity by subgroup analyses classified by age (mean age
<70/=70 years). Potential covariates that might contribute to
heterogeneity were estimated in the association between ALT

PLOS ONE | www.plosone.org

activity and all-cause/cause specific mortality in subgroup analysis
(Table 3, Table 4). In the younger population, the pooled HR of
all-cause, CV disease-related, and cancer-related mortality was
unstable and inconsistent in subgroup analysis classified by
ethnicity, sample size, and statin medication (Table 3). Notably,
the HRs of all-cause, CV disease-related, and cancer-related
mortality were much higher in Asians and populations without
statin medication. The pooled RRs of all-cause, CV disease-
related, and cancer-related mortality were much higher than the
pooled HRs (all P=<0.001, Table 3). In the older population, the
pooled HRs were more stable than younger adults. A significant
and negative association was still observed in separate subgroups,
except in the subgroup with a smaller sample size (<1000),
without adjusting for alcohol intake (on ALT-CV disease-related
mortality association, Table 4). The significant heterogeneity on
HRs of all-cause mortality between subgroups classified by
potential confounders might originate from the outliers [14,18].
In addition, the inter-group heterogeneities decreased to insignif-
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Figure 3. Meta- regression analyses on ALT-mortality association by age. A represented the impact of age on ALT-all cause mortality
association (coefficient: 0.996, 95%Cl: 0.994-0.998); B represented the impact of age on ALT-CV related mortality association (coefficient: 0.996,
95%Cl: 0.992-0.998); C represented the impact of age on ALT-cancer related mortality (coefficient: 0.996, 95%Cl: 0.992-0.998).
doi:10.1371/journal.pone.0091410.g003

PLOS ONE | www.plosone.org 10 March 2014 | Volume 9 | Issue 3 | 91410



icance when the subgroup analysis was performed after excluding
the outliers (all 7>0.05, data not shown).

Assessment of publication bias

To assess the publication bias, Begg’s funnel plot (Figure 6) and
Egger’s test were used. No significant publication bias was
observed (Egger’s P=0.936; Figure 6).

Discussion

This is the first systematic review and meta-analysis to assess the
complex association between ALT activities and ensuing all-
cause/disease-specific (including CV disease, cancer, and liver-
disease) mortality in prospective cohort studies. Twelve studies
were examined and included a total of 206,678 participants and
16,249 deaths. In all the enrolled studies, age was an independent

A
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covariate influencing the dose-response association between ALT
activity and all-cause, CV disease-related, and cancer-related
mortality with a moderate but consistent impact in meta-
regression analysis (Figure 3). An approximate decrease of 4%o
in dose-response HRs of mortality caused by ALT elevation was
observed followed with one year’s increment (all £<<0.05). Hence,
the enrolled studies were divided into two subgroups by mean age
(<70/=70 years). In the younger population, the HR of mortality
from liver disease was 1.24 (95% CI: 1.23-1.25) with 5 U/1 of
ALT increment (Figure 2D). Conversely, an approximate decrease
of 8-9% in all-cause, CV disease-related, and cancer-related
mortality was observed, associated with a 5 U/l ALT elevation
with low heterogeneity in older population (Figure 2). Overall,
the heterogeneity of pooled HRs was more obvious in
younger adults (Figure 1, Figure 2). Compared to the older
population, significantly higher dose-response HRs for all-cause,

B Meta-analysis estimates, given named study is omitted
I Lower CILimit ~ © Estimate ' Upper CI Limit
0 |

Kim et al-male (2004)

Kim et al-female (2004)

Ruhl et al-male (2009) 0 |
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Figure 4. Sensitivity analyses by stepwise omitting each study at a time in younger adults. A represented the re-evaluation of ALT-all
cause mortality association after omitting each study; B represented the re-evaluation of ALT-CV related mortality association after omitting each
study; C represented the re-evaluation of ALT-cancer related mortality association after omitting each study; D represented the re-evaluation of ALT-

liver disease related mortality after omitting each study.
doi:10.1371/journal.pone.0091410.g004
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Figure 5. Sensitivity analyses by stepwise omitting each study at a time in older subjects. A represented the re-evaluation of ALT-all cause
mortality association after omitting each study; B represented the re-evaluation of ALT-CV related mortality association after omitting each study; C
represented the re-evaluation of ALT-cancer related mortality after omitting each study.

doi:10.1371/journal.pone.0091410.g005

CV disease-related, and cancer-related mortality was observed in
younger subgroups (all P<<0.01; Figure 2).

In younger adults, the ALT activity was weakly, unstably, and
inconsistently associated with all-cause, CV disease-related, and
cancer-related mortality, even after excluding the outliers. The
inclusion of Korean male participants [3] significantly increased
the pooled results, possibly because of the relatively higher
occurrence of liver-disease related deaths, which might be linked
to the high prevalence of HBV infection observed in that specific
population [41]. Otherwise, the population using statin medication
in the Scottish study [13] might also influence and cause a
decrease in the pooled HRs. However, these impacts were limited
and the pooled HRs were still low after excluding the outliers. In
previous studies, ALT activity was considered useful in predicting
the overall health and mortality risk [1,26]. Through meta-analysis
on all relative studies, the associations between ALT activity and
all-cause/disease-related (including CV-disease and cancer) mor-
tality were inconsistent, susceptible to many covariates and weak
in synthesizing the dose-response HRs from different studies.
Accordingly, the results indicated that ALT was not an available
predictor when using all-cause or non-hepatic death as the

observational endpoints in epidemiological surveys of the younger
population. However, further investigations are needed.

In contrast, the ALT activity was strongly linked to liver disease-
related death, even after excluding the participants with viral
hepatitis [11]. ALT activity is more hepatic-specific than other
liver enzymes (e.g., aspartate aminotransferase [AST], gamma-
glutamyltransferase [GGT]) and sensitive in predicting liver
disease [2,42]. ALT elevation is indicative of apparent or latent
liver disease (such as non-alcoholic fatty liver disease (NAFLD),
alcoholic liver disease (ALD) and viral hepatitis infection [43-45]),
which might cause more deaths in the general population.
However, the significant risk of liver disease-related mortality
caused by ALT elevation was reported to exhibit a huge
discrimination due to distinctions in enrollment and comparison
(Figure 1D). In this study, the ALT elevation was standardized and
an approximate increase of 43% in liver-disease related mortality
was observed to follow the same extent of ALT elevation (per 5 U/
I) after excluding the outliers (results from the Korean male
population [3] with a high prevalence of HBV infection [41]). This
indicated that ALT elevation is closely associated with liver
disease-related mortality.

Table 2. Sensitivity analysis on pooled HR of mortality after excluding the outliers classified by age.

Group Number of data clusters (n) HR?(95%Cl) 2(%) P
Younger subgroup (mean age < 70 years)
All-cause mortality
Studied with no exclusion 7 1.06(1.06-1.07) 94.7 <0.001
Studies except the Korean outlier [3] 6 1.01(0.99-1.02) 83.5 <0.001
Studies except the Korean and Scottish outliers [3,13] 5 1.05(1.03-1.07) 0 0.781
CV mortality
Studies with no exclusion 5 1.03(1.02-1.05) 744 0.004
Studies except the Korean outlier [3] 4 0.99(0.95-1.02) 52.0 0.100
Studies except the Korean and Scottish outliers [3,13] 3 1.01(0.95-1.07) 59.9 0.085
Cancer mortality
Studies with no exclusion 5 1.07(1.06-1.08) 90.9 <0.001
Studies except the Korean outlier [3] 4 1.00(0.97-1.02) 71.1 0.016
Studies except the Korean and Scottish outliers [3,13] 3 1.04(1.00-1.08) 0 0.709
Liver disease mortality
Studies with no exclusion 3 1.24(1.23-1.25) 83.7 0.002
Studies except the Korean outlier [3] 2 1.43(1.32-1.55) 0 0.520
Older subgroup (mean age=70 years)
All-cause mortality
Studied with no exclusion 7 0.75(0.68-0.82) 58.6 0.025
Studies except the American and Dutch outliers [14,18] 5 0.63(0.54-0.73) 0 0.822
CV mortality
Studies with no exclusion 4 0.75(0.63-0.87) 24.4 0.266
Studies except the American and Dutch outliers [14,18] 0.60(0.37-0.83) 0 0.593

Abbreviations: Cl: confidence interval; CV: cardiovascular; HR: hazard ratio.
doi:10.1371/journal.pone.0091410.t002
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?HR calculated in younger subgroup was the dose-response evaluation assessed per 5 U/l of ALT increment;
HR calculated in older subgroup was the evaluation compared between higher and lower ALT categories.
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Table 3. Subgroup analysis on HRs of mortality in younger population (mean age < 70 years).

Number of data

P value for heterogeneity in P value for heterogeneity between

Group clusters (n) HR? (95%Cl) 12 (%) subgroups subgroups
All-cause mortality
Gender
Male 4 1.07(1.06-1.07) 97.2  <0.001
Female 2 1.05(1.02-1.08) 0 0.836 0.290
Race/ethnicity
Asian 3 1.09(1.08-1.09) 69.7  0.037
Non-Asian 4 0.98(0.96-1.00) 542  0.088 <0.001
Follow-up (mean year)
<8 4 1.06(1.06-1.07) 97.3 <0.001
=8 3 1.05(1.02-1.09) 0 0.419 0.545
Sample size (n)
<10000 5 0.99(0.98-1.01)  79.8  0.001
=10000 2 1.09(1.08-1.10) 83.7  0.013 <0.001
Statin medication
No 6 1.08(1.07-1.09)  57.1 0.040
Yes 1 0.97(0.95-0.99) none none <0.001
Adjustments of MetS components®
No 2 1.06(1.03-1.10) 0 0.654
Yes 5 1.06(1.06-1.07) 96.5 0 0.966
Observational indicator
RR 3 1.09(1.08-1.09) 715  0.030
HR 4 0.99(0.97-1.01) 828  0.001 <0.001
CV-mortality
Gender
Male 3 1.03(1.02-1.05)  87.1 <0.001
Female 2 1.04(0.98-1.11) 0 0.881 0.757
Race/ethnicity
Asian 2 1.05(1.03-1.07) 0 1
Non-Asian 3 0.98(0.94-1.01) 525 0.122 0.001
Follow-up (mean year)
<8 3 1.04(1.02-1.06) 804  0.006
=8 2 0.99(0.91-1.07) 750  0.045 0.237
Sample size (n)
<10000 3 0.98(0.94-1.01) 525 0.122
=10000 2 1.05(1.03-1.07) 0 1 0.001
Statin medication
No 4 1.05(1.03-1.07) 52.0 0.100
Yes 1 0.97(0.93-1.01) None None 0.002
Observational indicator
RR 2 1.05(1.03-1.07) 0 1
HR 3 0.97(0.93-1.01) 525  0.122 0.001
Cancer-mortality
Gender
Male 3 1.07(1.06-1.08)  95.3 0
Female 2 1.04(1.00-1.09) O 0.409 0.255
Race/ethnicity
Asian 2 1.08(1.07-1.09) 385  0.202
Non-Asian 3 0.97(0.94-1.00) 9.4 0.331 <0.001
Follow-up (mean year)
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Number of data

P value for heterogeneity in P value for heterogeneity between

Group clusters (n) HR? (95%Cl) 12 (%) subgroups subgroups

<8 3 1.07(1.06-1.08)  95.3 <0.001

=8 2 1.02(0.94-1.11) 0 0.533 0.281
Sample size (n)

<10000 3 0.97 (0.94, 1.00) 9.4 0.331

=10000 2 1.08 (1.07, 1.09) 385  0.202 <0.001
Statin medication

No 4 1.08 (1.07,1.09) 175  0.304

Yes 1 0.96 (0.92, 1.00) None None <0.001
Observational indicator

RR 2 1.08 (1.07, 1.09) 38.5 0.202

HR 3 0.97 (0.94, 1.00) 9.4 0.331 <0.001

the HR of mortality was dose-responded per 5 U/l of ALT increment.

MetS covariates adjusted.
Abbreviations: Cl: confidence interval; CV: cardiovascular; HR: hazard ratio.
doi:10.1371/journal.pone.0091410.t003

With regard to the older samples, significant negative associa-
tions were observed between ALT activity and all-cause/disease-
specific (including CV disease, cancer) mortality after synthesizing
the dose-response HRs (Figure 2). An approximate 8-9% decrease
in all-cause, CV disease-related and cancer-related mortality
followed with 5 U/l of ALT increment (mostly in the normal
range) was observed after pooling the reported HRs. Furthermore,
these inverse associations were still significant even after adjusting
the MetS components (Table 4). This phenomenon was first
observed by Elinav et al in 2006 [15] and confirmed by several
research studies [13,14,18,19] thereafter. The mechanism respon-
sible for the inverse association between ALT level and mortality
remains uncertain. Recently, an ultra low ALT level was
considered a biomarker of an exaggerated hepatic aging process
[15,22], including a reduction in liver size, blood flow, regener-
ation, and alexipharmic functions in hepatic aspects [24,46]. It was
also implied in frailty and poor nutritional conditions [19], which
might induce more deaths. Elevated ALT level is strongly
associated with the increasing prevalence of MetS, which is linked
to higher mortality in older population [47,48]. Accordingly,
elevated ALT activity is theoretically related to a higher mortality.
However, the inverse association between ALT activity and
mortality was still statistically significant after adjusting for the
MetS covariates (Table 4), indicating that the ALT level might be
more representative of aging and frailty in the older population.

Notably, two studies [14,18] significantly influenced the pooled
results and introduced more heterogeneity in the older population.
One HR was calculated between the subjects with upper tertile
and the lower tertile of ALT category, and the extremely high
ALT was not excluded [14]. Another mortality comparison was
performed between the participants in the top 5% (>33 U/1
higher than the health range previously recommended before
[49,50]) and the bottom 5% category of ALT levels [18]. In
general, the inclusion of participants with ALT outliers in these
two studies might confound the pooled results. Otherwise, four
studies [13,15,18] of older populations specifically defined the
normal range of ALT value (Table 1). In addition, the decreased
pooled HR and heterogeneity in subgroups with participants
mainly in the self-defined normal range of ALT levels (Table 4)
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Pthe adjusted MetS components were defined by NCEP-ATP-III criteria [35]; “Yes” represented four or more MetS covariates adjusted; “No” represented less than four

implied that lower ALT levels might be more associated with
higher mortality in older populations when making comparisons
based on a normal range based in the published literature.
Recently, deep concerns have been raised on the association
between extremely low ALT levels and higher mortality, especially
in the older populations [25]. Similar to previous studies
[13,15,17], results in this study confirmed the inverse association
and quantitatively estimated the dose-response risk of all-cause
mortality and disease-specific (GV disease and cancer) mortality in
older adults (Figure 2). The upper limit of normal (ULN) values for
ALT level has been defined in given population in prior
population-based studies [49-52]. However, no study has focused
on the lower limit of normal of ALT levels, and an appropriate
age-specific lower limit for a normal ALT level is necessary to
enhance the predictive value of ALT as a common biomarker used
in the health care of older subjects. The inverse association
between ALT level and mortality warrants further investigation.

Remarkably, age showed a crucial impact on the association
between ALT level and the ensuing all-cause/disease-specific
mortality (all P<<0.05, Figure 3). The dose-response HRs of
mortality caused by ALT elevation were quantitatively assessed,
and a 4%o decreases in these HRs were observed with moderate
but consistent effects followed with one year’s age increment
(Figure 3). The mechanisms on how age affects the ALT-mortality
association are not fully understood. One possibility is that ALT
activity is more liver-specific and that ALT elevation is more
indicative of death from apparent or latent liver disease, rather
than all-cause mortality in younger adults (Figure 2D). Another
explanation is that, with increasing age, decreases in ALT levels
might be more representative of aging and frailty in overall health
(independent of its traditional role in screening for liver function)
[20,21]. Similar to prior hypotheses [26], we speculate that the
clinical significance of ALT activity is affected by age and that the
meta-regression proved this impact (Figure 3).

Except for age, the inconsistence of covariates, including the
characteristics of enrolled participants and the observational
index, might also confound the ALT-mortality association and
should be taken into consideration. ALT elevation is often
associated with  MetS, alcoholic intake, and medication
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Table 4. Subgroup analysis on HRs of mortality in older population (mean age=70 years).
Number of data P value for heterogeneity in P value for heterogeneity
Group clusters(n) HR?*(95%Cl) 12 (%) subgroups between subgroups
All-cause mortality
Comparison®
Up than median/below median ALT 3 0.60(0.44-0.76) O 0.534
Highest/lowest ALT 4 0.78(0.71-0.86) 66.8  0.029 0.041
Follow-up (mean year)
<10 4 0.62(0.52-0.73) 0 0.706
=10 3 0.85(0.76-0.95) 324  0.228 0.001
Sample size (n)
<1000 4 0.62(0.50-0.75) 0 0.681
=1000 3 0.81(0.72-0.90) 71.3 0.031 0.014
Statin medication
No 6 0.78(0.70-0.85) 589  0.033
Yes 1 0.64(0.48-0.80) none none 0.127
Adjustments of MetS components®
No 4 0.76(0.66-0.86) 623  0.047
Yes 3 0.73(0.64-0.83) 686  0.041 0.702
Adjustment of alcohol intake
No 3 0.66(0.52-0.79) 0 0.966
Yes 4 0.78(0.70-0.87) 745 0.008 0.105
Subjects mainly in normal range®
No 4 0.82(0.73-0.92) 66.5  0.030
Yes 3 0.65(0.55-0.76) 0 0.974 0.019
CV-mortality
Follow-up (mean year)
<10 2 0.60(0.37-0.83) 0 0.593
=10 2 0.82(0.69-0.95) 0 0.761 0.104
Sample size (n)
<1000 1 0.80(0.30-1.57) none none
=1000 3 0.76(0.65-0.88)  33.5 0.223 0.927
Statin medication
No 3 0.82(0.69-0.95) 0 0.954
Yes 1 0.58(0.34-0.82) none none 0.088
Adjustments of MetS components®
No 1 0.81(0.67-0.95) none none
Yes 3 0.68(0.48-0.87) 0 0.401 0.276
Adjustment of alcohol intake
No 1 0.80(0.34-1.88) none none
Yes 3 0.76(0.65-0.88)  33.5 0.223 0.927
Subjects mainly in normal range®
No 2 0.82(0.69-0.95) 0 0.761
Yes 2 0.60(0.37-0.83) 0 0.593 0.104
?HR was evaluated between higher and lower ALT categories.
up than median/below median ALT” represented comparison between population with ALT value higher than median level and population with ALT value below the
median level (ALT level was continuous); “Highest/lowest ALT” represented comparison between population with ALT value in the highest category and population
with ALT value in the lowest category (ALT level was incontinuous).
‘the adjusted MetS components were defined by NCEP-ATP-III criteria [35]; “Yes” represented four or more MetS covariates adjusted; “No” represented less than four
MetS covariates adjusted.
4“No” represented the study not defined the “normal range” of ALT level or =95% of subjects were in the self-defined “normal range " of ALT level; “Yes” represented
the study defined the “normal range” of ALT level and >95% (or large part) of subjects were in the self-defined “normal range” of ALT level.
Abbreviations: ALT: alanine aminotransferase; Cl: confidence interval; CV: cardiovascular; HR: hazard ratio.
doi:10.1371/journal.pone.0091410.t004
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Begg's funnel plot with pseudo 95% confidence limits
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Figure 6. Begg’s funnel plot analysis of publication bias. Egger’s
test: P=0.936. Abbreviations: HR: hazard ratio.
doi:10.1371/journal.pone.0091410.g006

[2,43,45,53-55]. Inconsistence in these variables during enroll-
ment might interfere and introduce biases on the final results.
MetS is a series of metabolic disorders, including obesity,
dyslipidemia, hyperglycemia, and hypertension, commonly de-
fined by the NCEP-ATP-III criteria [35]. The ALT-mortality
association might be influenced by these metabolic disorders in the
MetS patients [56]. However, the trend did not reverse when
subgroup analysis was conducted adjusting four or more MetS
components as covariates in the younger and older population,
indicating a limited impact of MetS status on the ALT-mortality
association. In regard to alcohol intake, all the studies in the
younger population adjusted for this variable. In studies with older
participants, no significant differences were observed between
studies with or without adjustments for alcohol intake (Table 4).
The limited impacts of alcohol intake on the ALT-mortality
association might be due to the lower alcohol intake amount and
fewer heavy drinkers in the older population [57,58].

Two studies reported the ALT-mortality association in partic-
ipants with moderate statin medication [13], which might cause
slight liver toxicity manifested through a minor ALT elevation
[59]. The influence of statin use on the ALT-mortality association
is not fully clear. In this study, the effects of statin medication on
the ALT-mortality association were inconsistent in different age
groups. In younger adults, the statin medication might be a
protective co-factor that decreased the risk of mortality (Table 3).
Therefore, the pooled HRs of all-cause/disease- specific mortality
were re-evaluated after excluding the outlier study [13]. These
effects were attenuated in the older population and the heteroge-
neities of pooled HRs were no longer influenced by the study that
enrolled participants taking statin medication (Table 4). With
respect to observational indices, two studies [3,8] (both examining
younger populations) adopted the RR instead of HR to evaluate
the ALT-mortality association. Inferior to HR, the RR did not
consider the “time to an event”, censored data, and may have
caused a bias when pooled with HR [60]. Accordingly, a
decreased heterogeneity of pooled HRs was observed in subgroup
analysis divided by observational indicators (Table 3). However,
the refined pooled HRs still implied the weak and unstable
association between ALT level and all-cause/disease-specific
mortality in younger population (Table 3).

GGT activity is another common liver enzyme activity also
considered closely associated with all-cause and CV disease-related
mortality in prior meta-analysis [61]. ALT activity is obviously
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inferior to GGT activity in predicting the mortality, especially in
younger adults. However, the predictive value of GGT on CV-
related mortality decreased and even lost significance in the older
populations [62-64]. As a supplement, the predictive value of
ALT activity in screening for long-term survival might remedy the
deficiencies of GGT on risk assessment in older populations.

Our findings have strengths and applications for clinical
practice. A qualified librarian helped with designing an extensive
search strategy to decrease the omission of relevant references. In
addition, the extremely low ALT activity within a normal range is
also clinically relevant to all-cause and disease-related mortality in
older people. This phenomenon indicates that not all patients with
ALT measured within a normal range are safe and will alert
clinicians to consider extremely low ALT value within a normal
range more cautiously. The older population is a fast growing
segment that consumes majority of health care resources [65]. The
ALT measurement can aid in the prediction of long-term survival
and aid clinicians in making full use of medical resources for cost
effectiveness.

Besides the previous deficiencies mentioned, several limitations
in this meta-analysis should be addressed. First, the HRs of ALT-
related mortality in the older population were mainly obtained
from the European populations [13,17]. For this reason, our
results may not generalize well across other populations, such as
the East Asians with a higher burden of HBV infection [66]. More
studies in non-European older populations are thus required to
confirm the association. Second, in addition to the intrinsic
difference between ALT measurement assays performed at
different institutes, heterogeneity observed in this study may be
due to many factors, including differences in participant enroll-
ment, sample size, statin medication use, follow-up lengths, and
statistics used for comparisons. The subgroup analysis could not
explain all the sources of heterogeneity, even when outlier studies
were excluded. Third, the normal range of ALT levels were self-
defined and distinguished. The negative ALT-mortality associa-
tion was primarily obvious in older populations mainly within a
self-defined normal range of ALT levels in subgroup analysis
(Table 4). However, we could not evaluate the exact normal ALT
range where the negative ALT-mortality association was estab-
lished. Fourth, the prevalence of death from liver-disease is
extremely low (558 deaths, accounting for 3.43% of the overall
occurrence) and the previous statistical data was mainly collected
in younger adults. The close ALT-liver disease mortality
association might have less clinical and epidemiological implica-
tions in the whole population, and the impact of age on the
association between ALT level and liver disease-related mortality
was difficult to evaluate. However, it provided a clue that an ALT
assay might be sensitive and valuable in mortality prediction,
especially in younger patients with liver disease. Fifth, mortality,
not disease incidence was used as measured outcome. Mortality is
not a direct presentation of the natural history of certain diseases
and interfered by the socioeconomic, rural-urban, and health
behavior disparities between different districts [67-69]. Clinicians
should consider these covariates and draw discreet conclusions
when faced with a given population. Notably, pooled HRs could
not be evaluated by individual participant data, which is more
reliable, with potential advantages [70-72]. Information (e.g., age,
gender, follow-up duration, and HR) was extracted as aggregate
data rather than individual participant data in respective study,
which might cause larger heterogeneity and inconsistent analyses
across studies [73]. Further meta-analysis using individual
participant data is therefore needed. Despite these deficiencies,
ALT is still a convenient and inexpensive assay for estimating the
risk of death especially in older populations.
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In conclusion, this systematic review and meta-analysis on
prospective cohort studies provides evidence that ALT activity is
strongly associated with liver disease-related mortality independent
of viral infection in younger populations. Unlike the inconsistency
of the ALT-mortality association in the younger subgroup,
extremely low ALT levels indicated a high all-cause/disease-
specific (including CV disease and cancer) mortality, especially
within the normal ALT range in the older population. The ALT-
mortality associations are influenced by age and the HRs of all-
cause/ disease-specific (CV disease and cancer) mortality caused by
ALT elevation decreased by age. More well-designed studies with
strict enrollment are needed to further confirm our findings.
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Figure S1 Flow chart of selected studies for meta-
analysis. Abbreviations: ALP: alkaline phosphatase; ALT:
alanine aminotransferase; AST: aspartate aminotransferase;
CVD: cardiovascular disease; DM: diabetes mellitus; GGT:
gamma-glutamyl transpeptidase;ISI: Institute for Scientific Infor-
mation; RR: relative risk.
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