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A B S T R A C T   

The present paper revisits and extends the examination of the long-run relationship between UK life expectancy 
and income provided by Tapia Granados (2012). Adopting a more detailed form of analysis, a clear break cor-
responding to the 1918–1919 Influenza Pandemic is identified in the long span of data examined. This finding of 
structural change, along with detected uncertainty regarding the orders of integration of the series examined, 
results in the application of split-sample analysis employing autoregressive distributed lag (ARDL) modelling. 
The results obtained reverse the ‘no long-run relationship’ conclusion of Tapia Granados (2012) with over-
whelming evidence presented in support of a negative relationship between life expectancy and income. Our 
findings add to both health-income research and a burgeoning literature on the reproduction and replication of 
previously published empirical research.   

1. Introduction 

Examination of the potential relationship between health and in-
come has generated an extensive empirical literature which is notable 
for its continued debate and dissent. This can be illustrated by consid-
eration of the Preston Curve (Preston, 1975). Depicting a supposed 
relationship between higher levels of income and higher levels of health 
across a range of economies, its relevance and exact nature continue to 
attract attention (e.g. Bloom and Canning, 2007; Prados de la Escosura, 
2023). Further examples of scholarly disagreement regarding the 
health-income relationship, including questioning of its very existence, 
are revealed in a number of exchanges including: Acemoglu and John-
son (2007, 2014) and Bloom et al. (2014); and Tapia Granados (2015), 
Tapia Granados and Ionides (2015), Catalano et al. (2011) and Catalano 
and Bruckner (2016). The present paper adds to these ongoing debates 
by focussing upon a ‘time series’ sub-literature examining the 
health-income relationship where uncertainty and a lack of consensus 
are apparent. The particular issue we consider is whether a long-run 
relationship exists between life expectancy and income. The conflict 
present in previous research exploring this issue is apparent in studies 
such as Arora (2001), Bishai (1995), Brenner (2005) and Tapia Granados 
(2005, 2012). While Brenner (2005) discusses cointegration in the 
analysis of infant mortality and macroeconomic indicators for the US, 
where cointegration refers to a long-run relationship between time se-
ries processes (see Hendry and Juselius, 2000; 2001), this work has been 

subsequently criticised by Tapia Granados (2005). Similarly, although 
Tapia Granados (2012) notes that Arora (2001) ‘has asserted that income 
and health are cointegrated in Britain’ (Tapia Granados, 2012, p.690) this 
followed by the comment that ‘I could not reproduce Arora’s results’ 
(Tapia Granados, 2012, p.690). This uncertainty is compounded by 
studies which argue against the presence of a long-run relationship such 
as Bishai (1995) and Tapia Granados (2012). While the former study 
reports upon the absence of cointegration between measures of infant 
survival and income, the latter paper discounts the presence of cointe-
gration between and life expectancy and income. In summary, the 
literature exploring the presence of long-run relationships contains 
conflicting results and criticism. 

The present study is motivated by the above study of Tapia Granados 
(2015), hereafter referred to as TG. The specific and important issue 
revisited is TG’s conclusion that the analysis of 160 years of data on life 
expectancy and gross domestic product (GDP) does ‘not provide any ev-
idence of cointegration’ (p.690). This paper questions the robustness or 
reliability of this ‘no long-run relationship’ conclusion. A particular 
feature of our analysis is the consideration of potential structural 
change. When analysing a long span (i.e. calendar period) of data, an 
empirical complication arises as a result of the increased possibility of 
capturing incidents of structural change, or ‘breaks’, within the sample 
considered. Like the research of Arora (2001), Bishai (1995) and Bren-
ner (2005), TG employs a long span of data. This is problematic as such 
breaks can impact upon the properties of the time series econometrics 
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methods employed and result in incorrect inferences being drawn. Two 
issues make this possibility particularly pertinent for the analysis un-
dertaken by TG. First, the cointegration methods employed by TG are 
based upon prior unit root testing to establish the orders of integration of 
the individual series considered. Unfortunately, it has long been recog-
nised that unit root testing in the presence of breaks can result in the 
generation of spurious inferences. In particular, when considering 
whether the unit root null should be rejected against an alternative 
hypothesis of stationarity, the Dickey-Fuller test (Dickey and Fuller, 
1979) employed by TG can generate misleading results in ‘both possible 
directions’: a stationary series can be deemed to be a unit root process 
(see Perron, 1989); and a unit root process can appear stationary (see 
Leybourne et al., 1998). In addition, Campos et al. (1996) provides a 
cautionary note on the implications of breaks for cointegration analysis 
itself, promoting the use of an approach based upon the application of 
error correction models. Second, the sample period examined by TG 
includes numerous key historical events. It is obviously possible that 
conflicts such as World Wars or the 1918–1919 Influenza Pandemic may 
impact significantly on data characteristics and cause a break or breaks 
in the series examined, particularly the life expectancy series. As will be 
shown later, the existence of a break in the life expectancy data corre-
sponding to the Influenza Pandemic is indeed apparent from simple 
visual inspection of this series. Given the impact of breaks upon the 
reliability of inferences and the presence of an apparent break, the 
long-run relationship considered by TG must therefore be re-examined. 
It is the consideration of structural change and its analysis via a method 
allowing potential breakpoints to be determined endogenously by the 
data, rather than imposed exogenously, that constitutes the first major 
contribution of our research to the health-income literature. However, 
this leads to further extension of previous research via the use of 
split-sample analysis employing autoregressive distributed lag (ARDL) 
modelling to offer robustness to uncertainty regarding the integrated 
nature of the data examined. It is argued that the explicit recognition of 
structural change, along with the utilisation of split-sample analysis and 
ARDL modelling, extends an existing literature containing mixed results. 
Considering the specific work of TG, the more sophisticated analysis 
adopted in the current paper reverses the ‘no long-run relationship’ 
conclusion presented in this earlier research. 

In addition to offering developments in relation to the specific work 
of TG and the more general health-income literature, the present paper 
also adds to the burgeoning literature on the reproduction and replica-
tion of previous empirical research. While perhaps initially associated 
with a replication crisis in psychology and medicine (see, inter alia, 
Wiggins and Christopherson, 2019; Rodgers and Collings, 2021), this 
issue has now gained prominence more generally (see, inter alia, Open 
Science Collaboration, 2015; NASEM, 2019; Tol, 2019; Chin et al., 
2023). Our findings reinforce the importance of undertaking replication 
exercises, highlighting how original conclusions can be critically 
reversed and policy implications drastically changed. 

To achieve its objectives, this paper proceeds as follows. In the 
following section, to explain our approach to replication, we provide a 
brief overview of this area of research. Section 3 then presents and 
discusses the initial data to be examined in our study, providing results 
from univariate analysis. The use of ‘initial’ here is important as we later 
examine the most recent available vintage of the GDP series to consider 
further the robustness of our inferences. Importantly, Section 3 confirms 
the detection of a statistically significant break in 1918 for both the life 
expectancy and GDP series, prompting the introduction of split-sample 
analysis about this date. Following split-sample examination of the 
univariate properties of the life expectancy and GDP series, Section 4 
then considers their potential long-run relationship. In Section 5 the 
robustness of the identified long-run relationship between life expec-
tancy and income is investigated further by extending the analysis 
beyond the ‘initial’ data considered by TG. Section 6 provides some 
concluding remarks concerning the findings of our analysis, their policy 
implications and potential lines of future research. 

2. Replication or reproduction? 

The reproducibility of research findings has gained traction in both 
academic spheres and the popular media. While a ‘replication crisis’ is 
perhaps most closely associated with psychology and medicine (see, 
inter alia, Wiggins and Christopherson, 2019; Rodgers and Collings, 
2021), discussion of these issues spans various disciplines. As an 
example, see the longstanding interest within criminology with studies 
ranging from Cook and Zarkin (1986) to Chin et al. (2023). Similarly, for 
economics, the special edition of de Marchi and Gilbert (1989), where 
numerous earlier empirical analyses are reconsidered to explore their 
robustness in light of econometric developments, provides an example 
of an early interest in reproducibility and replicability. This work 
pre-dates the more explicitly reproduction and replication focussed 
collections of studies in the American Economic Review in 2017 (see, inter 
alia, Berry et al., 2017; Duvendack et al., 2017) and Energy Economics in 
2019 (see Tol, 2019). Further evidence of the increased importance of 
the reproducibility of research is illustrated by the emergence of data 
archives and dedicated sections within journals on replication (e.g. the 
Replication Network and the Journal of Applied Econometrics). 

This emergent literature has also prompted research into the defi-
nition of ‘replication’ and the alternative terminology that is utilised 
(see Clemens, 2017; Machery, 2021; Nosek and Errington, 2020). This 
focus on terminology is apparent from the above discussion in this paper 
where the terms ‘reproduction’ and ‘replication’ both appear. To ensure 
transparency, we draw upon the stance of NASEM (2019). Therefore, 
‘reproduction’ is taken to refer to the exact reproduction of results 
presented in empirical research using the same data and same method 
(s), while we take replication to involve the re-examination of a 
conclusion using alternative methods and/or data. 

An important consideration is therefore whether, when revisiting 
TG’s finding of no long-run relationship between life expectancy and 
income, we adopt an approach based upon replication or reproduction. 
The former approach is followed here for three reasons. First, despite 
obtaining data from the same sources, it is not possible to guarantee that 
exactly the same data as that employed by TG are examined. As will be 
discussed in the following section, this is due to uncertainty regarding 
the exact sample span of the data employed by TG. Second, the means of 
analysing these data differs from that of TG. As initial examination of the 
data confirms the existence of a break in both series considered, this 
prompts the analysis of two subsamples rather than just the full sample 
available. Third, given the findings of the univariate analysis under-
taken, an alternative empirical method is employed which has the 
required property of being robust in the presence of uncertainty 
regarding the integrated nature of the series examined. In short, the 
analysis takes the form of a replication rather than reproduction for 
unavoidable and deliberate reasons as a result of data and robustness 
issues respectively. 

3. Data and univariate properties 

We utilise the following data series: annual measures of life expec-
tancy at birth (LEB) for England and Wales; and real per capita gross 
domestic product for the United Kingdom (GDP). The LEB series was 
obtained from the Human Mortality Database (https://www.mortality. 
org/), while the GDP series was obtained from Maddison (2003). 
Although we employ the same sources as TG, we need to address some 
important matching issues that will inform our approach to the repli-
cation process. First, we should confirm start and end dates for the 
sample. TG states multiple dates here, referring both to 1840 and 1841 
as start dates and 1999 and 2000 as end dates. As the earliest observa-
tion for LEB available to us is 1841, this is taken as the start date for the 
present analysis. Given key tables in TG (Tables 2 and 3) refer to 1999 as 
an end date, this is taken to be the final period for the ‘whole sample’. 
Second, we should note issues concerning the ‘geographical coverage’ of 
the series. While TG refers to the GDP series being for Britain when 
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introduced (p.689) and later for the UK (p.691), the latter is correct. 
However, in contrast to this, the LEB series relates to England and Wales. 
The differing levels of aggregation for the GDP and LEB series should be 
noted and might be a source of empirical bias. Third, the definition of 
the GDP series needs to be recognised. In this paper, real per capita gross 
domestic product is employed as the GDP variable as a ‘per capita’ series 
is arguably a superior measure not only in terms of standard economic 
applications but specifically when examining the health-income rela-
tionship. To support this latter argument reference can be made to, inter 
alia, the work of Acemoglu and Johnson (2007) where a detected 
negative relationship between health and economic growth is supported 
by reference to a reduction in steady state income due to an increased 
population under neoclassical growth theory. This importance of ‘pop-
ulation’ further supports our use of per capita GDP. 

Figure One provides detail of the GDP and LEB series considered in 
this paper. From inspection of this figure, the upward trending nature of 
the two series is immediately apparent. When considering data on life 
expectancy and GDP, TG suggest that the possibility of a long-run 
relationship between life expectancy and GDP is unlikely on the basis 
of visual inspection of the series. In particular, TG refers to cointegration 
not being expected due to the ‘shapes’ (p.690) of plots of GDP and LEB, 
with the convexity of GDP noted. It is important to reflect upon this 
issue. It can be argued that discounting potential cointegration purely on 
the basis of visual inspection is problematic. Fig. 1 could be interpreted 
as providing evidence of the series moving apart slightly in the first part 
of the sample, before closing to intersect ahead of then pulling apart 
again, and finally drawing together in the final part of the sample. This 
could then be argued to reflect movements about an underlying attractor 
that indicate the presence, rather than absence, of cointegration. Diffi-
culty in assessing the presence of cointegration visually is further 
complicated by the alternative forms it might take such as, inter alia, 
stochastic and deterministic cointegration (see Ogaki and Park, 1997) 
and asymmetric cointegration (Enders and Siklos, 2001). However, 
there is a more important issue to consider when reflecting upon po-
tential cointegration for the present replication. When undertaking 
empirical analysis of the life expectancy and GDP data, TG considered 
these series in their natural logarithmic, rather than raw, forms. Such an 
approach follows conventional practice and is adopted in the present 

analysis. However, converting the series to their natural logarithmic 
forms has a linearising effect. The natural logarithmic forms of LEB and 
GDP are denoted here as leb and gdp respectively and presented in Fig. 2. 
From inspection of this graph the previous arguments regarding 
different ‘shapes’ and convexity can be discounted, with similarity be-
tween leb and gdp very apparent. In summary, the visual inspection 
which led TG to discount the possibility of cointegration was based upon 
the consideration of raw data rather than the logged data to be employed 
in the empirical analysis. 

To examine the univariate properties of leb and gdp, we begin our 
analysis with application of the augmented Dickey-Fuller (ADF) unit 
root test (Dickey and Fuller, 1979, 1981) and GLS-based ADF (ADF-GLS) 
unit root test (Elliott et al., 1996) to the series over the full sample. Given 
the trending nature of the series, our unit root testing employs intercept 
and linear trend terms as deterministics to mitigate potential spurious 
inferences. Denoting the series under examination as yt , the testing 
equation employed for the ADF test is specified as given in (1) below: 

Δyt = α + βt + φ yt− 1 +
∑p

j=1
λjΔyt− j + vt (1)  

where the unit root null hypothesis (H0 : φ= 0) is tested against an 
alternative hypothesis of asymptotic stationarity (H1 : φ< 0) via the test 

statistic τφ =
φ̂

s.e.(φ̂)
. The analogous testing equation for the ADF-GLS test 

is specified as given in (2): 

Δyd
t = γ yd

t− 1 +
∑p

j=1
δjΔyd

t− j + et (2)  

where the null and alternative hypotheses are given as H0 : γ = 0 and 

H1 : γ < 0, the test statistic employed is given as τγ =
γ̂

s.e.(̂γ)
and the series 

yd
t is the ‘GLS detrended’ version of yt obtained from application of the 

quasi-differencing and regression-based detrending approach presented 
in Elliott et al. (1996). 

With regard to the degree of our augmentation of the testing equa-
tions as given by the value of p, this is determined via use of the modified 

Fig. 1. Income and life expectancy at birth.  
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Akaike Information Criterion (MAIC) with the maximum lag length 
considered given by the sample-based Schwert (1989) rule. For the 
1841–1999 sample considered, this results in consideration of lag 
lengths from 0 to 13, with the optimised value p being that which returns 
the lowest value of the MAIC for the testing equations estimated. To 
increase the robustness of our analysis, the ADF-GLS test is employed in 
the ‘OLS-GLS’ form proposed by Perron and Qu (2007). Under this 
approach, OLS detrended data are employed to determine the degree of 
augmentation of the ADF-GLS test, while GLS detrended data are 
employed for inferences (see Perron and Qu, 2007; Sephton, 2022). The 
results obtained from application of the ADF and ADF-GLS tests are re-
ported in Table 1. Inspection of the p-values obtained shows that the 
ADF and ADF-GLS tests do not reject the unit root null hypothesis for 
either series at conventionally considered levels of significance. 

Before concluding that leb and gdp are unit root processes, the impact 
of structural change upon unit root tests should be recognised. Following 
Perron (1989), it has long been recognised that otherwise stationary 
series can be mis-classified as unit root processes on the basis of the 
application of an ADF test if they are subject to structural change or 
exhibit a ‘break’. Alternatively expressed, the findings of Perron (1989) 
demonstrate that the presence a neglected break in a series increases the 
probability of the ADF test failing to correctly reject the unit root hy-
pothesis. The subsequent research of Leybourne et al. (1998) has further 
emphasised the impact of breaks by demonstrating that a neglected 

break in a unit root process can cause spurious rejection of the unit root 
hypothesis by the ADF test. While the findings of Leybourne et al. (1998) 
show the impact of a break to depend not only upon its size but also its 
nature (whether it is a break in level or drift) and the point at which it 
occurs in the sample considered, they demonstrate that a neglected 
break can cause the ADF test to mistakenly classify a unit root process as 
stationary. The results of these seminal studies forcefully demonstrate 
the importance of considering potential structural change when exam-
ining the unit root hypothesis due its impact upon both the power 
(Perron, 1989) and size (Leybourne et al., 1998) of the ADF test. Further 
to this, it has been shown that misleading inferences can be drawn using 
other unit root tests in the presence of structural change (see, inter alia, 
Cook and Manning, 2004, 2005). These findings are particularly rele-
vant for the present analysis as perhaps the most striking feature of Fig. 2 
is the apparent break in leb coinciding with the 1918–1919 Influenza 
Pandemic. In an analysis of this pandemic, Pearce et al. (2011) identify 
three ‘waves’ relating to the periods June 1918–September 1918, 
September 1918–January 1919 and February 1919–May 1919 respec-
tively. It is noted that the second of these was the most severe in terms of 
mortality, dwarfing the first and third waves in terms of weekly death 
rates (see Pearce et al., 2011, Fig. 1 p.90). It appears that this second 
wave is reflected in the leb series. To re-examine the initial ‘unit root 
inference’ in the presence of potential structural change, the unit root 
test of Perron (1997) is adopted using the innovational outlier model. 
The test is employed with endogenous determination of intercept and 
trend break dates via use of the minimum t-test criterion, with the MAIC 
again employed to select the degree of augmentation of the testing 
equations. The relevant testing equation employed is therefore given by 
(3) below: 

yt = μ + βt + θ DUt(TB) + π DTt(TB) + ψ Dt(TB) + ρ yt− 1 +
∑p

j=1
ϑjΔyt− j + ut

(3)  

where the unit root null hypothesis (H0 : ρ= 1) is tested against an 
alternative hypothesis of asymptotic stationarity (H1 : |ρ|< 1) via the 

test statistic τρ =
ρ̂

s.e.(̂ρ)
. The breakpoint (TB) is employed to create the 

Fig. 2. Income and Life Expectancy at Birth (in logarithmic form).  

Table 1 
Unit root test results (full sample analysis).  

Series ADF ADF-GLS Perron 

Test stat TB 

gdp − 1.654 − 1.657 − 6.310 1918  
[0.767] [0.516] [<0.01]  

leb − 2.097 − 1.212 − 6.173 1918  
[0.543] [0.789] [<0.01]  

Notes: The above tabulated negative figures are calculated test statistics for the 
ADF, ADF-GLS and Perron tests. Figures in square brackets are p-values for the 
relevant test statistics, with the remaining figures under ‘TB’ denoting calculated 
break dates. 
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three breaks in (3) according to: 

DUt(TB)= 1 if t ≥ TB, zero otherwise (4)  

DTt(TB)= t − TB + 1 if t ≥ TB, zero otherwise (5)  

Dt(TB)= 1 if t=TB, zero otherwise (6) 

Therefore, expressions (4) to (6) denote an intercept break, trend 
break and one-off dummy break respectively. The results obtained from 
application of the Perron test are presented in Table 1. In contrast to the 
findings obtained from application of ‘no-break’ unit root tests, the unit 
root null can now be seen to be overwhelming rejected for both the leb 
and gdp series. In both cases a highly significant break is detected for 
1918 with the p-values associated with tests of significance of the 
intercept, trend and dummy break coefficients having p-values of 
{0.000, 0.084, 0.000} and {0.000, 0.001, 0.012} for leb and gdp 
respectively. 

The results obtained identify a clear break in the series considered 
which matches the break that is apparent visually in Figs. 1 and 2, 
particularly for leb. However, to explore the possibility that the series 
might possess two breaks, the two-break Lee and Strazicich (2003) unit 
root test, hereafter referred to as the LS test, is considered in its ‘Model C’ 
form with two breaks in both intercept and trend. Following this seminal 
research, we employ the t-statistic rule to determine the degree of 
augmentation of the underlying testing equation, again using the 
Schwert rule to determine the maximum possible lag length. While full 
details of the mechanics of the LS test can be obtained from Lee and 
Strazicich (2003), a key issue here is whether this test identifies two 
significant breaks in leb. To examine this, the significance of the iden-
tified breaks resulting from application of the test to leb can be consid-
ered. Due to its design, the LS test will return two breaks and for this 
application they correspond to 1920 and 1945 respectively. However, 
what is important is whether these breaks are statistically significant. 
Consulting the relevant t-ratios of 4.908 and − 0.351 for the coefficients 
on these breaks, it is clear that while the first break is significant, the 
second is highly insignificant. Our failure to detect two breaks when 
applying the LS test is obviously not unique in empirical research. For 
example, following its introduction in Lee and Strazicich (2003), a 
subsequent application of the LS test in Strazicich et al. (2004) found a 
subset of series examined possessed only a single significant break. In 
summary, the findings obtained from the LS test demonstrate that a 
single break is apparent in leb but that the date identified does not fit 
with the break apparent from visual inspection of the series. Obvious 
potential explanations for this apparent ‘misdating’ include the attempt 
to detect a second break when this is not present and the general issue 
that the date is determined via optimisation (minimisation) of the unit 
root test statistic rather than an explicit breakpoint dating procedure. 
However, the application of the LS test does nonetheless provide 
important information that supports the earlier findings obtained using 
the Perron (1997) test. With a calculated test statistic of − 7.305, the LS 
test clearly rejects unit root hypothesis beyond the 1% level of signifi-
cance. In addition to agreeing with the ‘no unit root’ inference drawn 
from application of the Perron (1997) test, this rejection provides evi-
dence on the robustness of the earlier findings. More precisely, the 
research of Kim et al. (2000) has shown that spurious rejection of the 
unit root hypothesis can occur under application of a single-break test if 
a second break is present but ignored. The results of the LS test counter 
this potential accusation for the present analysis as it does not identify 
the presence of a significant second break. Application of the LS test to 
gdp resulted in similar findings in the sense that while the unit root 
hypothesis was rejected at the 10% level of significance and almost at 
the 5% level of significance (the calculated test statistic and 5% critical 
value being − 5.671 and − 5.772 respectively), the coefficients attached 
to the intercept and break dummies were not all significant at even the 
10% level. As a consequence of the Perron test providing overwhelming 
evidence of a single break that exactly matches the break 

overwhelmingly apparent from visual inspection of the series and the LS 
test not detecting a significant second break, we proceed on the basis of 
the presence of a single significance break in both series occurring in 
1918. 

Given the detection of a significant break in both series in 1918, a 
split-sample analysis is undertaken with unit root tests applied to two 
subsamples for 1841–1917 and 1918–1999. Following the previously 
adopted approach, an intercept and linear trend are employed as the 
deterministic terms in the underlying testing equation and the degree of 
augmentation is determined using the Schwert rule and minimisation of 
the MAIC. The results obtained from this analysis are reported in 
Table 2. The ADF test results for 1841–1917 provide some evidence of 
leb and gdp both being stationary, with rejection of the unit root null 
hypothesis occurring beyond the 5% level for leb and almost the 5% level 
for gdp. Although the ADF-GLS test does not reject the null at standard 
levels of significance for leb (p-value = 25.9%), the null is rejected at the 
5% level for gdp under this test. Although the ADF-GLS test has been 
shown to be more powerful that the ADF test in a number of circum-
stances and hence might be considered to generate increased rejection in 
empirical application, it has been recognised that there is no uniformly 
most powerful unit root test (see, inter alia, Müller and Elliott, 2003). 
Similarly, it has been shown that the finite-sample power of the 
ADF-GLS test can be influenced by a variety of issues, including initial 
conditions as considered by Müller and Elliott (2003). As a result, the 
findings from ‘standard’ (no break) unit root tests will be considered on 
balance. Adopting such an approach results in some uncertainty 
regarding the orders of integration of both series. 

Considering the results for the second subsample at conventionally 
employed levels of significance, there is a single rejection of the unit root 
null resulting from application of the ADF test to gdp. As the results from 
the application of the ADF-GLS test statistic to gdp do not result in 
rejection, it could be that the ADF test result has been influenced by the 
‘initial condition’ issue examined by Müller and Elliott (2003). Here, if 
the first observation of a series deviates from its underlying determin-
istic components, this can increase rejection of the null by the ADF test. 

Given the overall findings from the application of the ADF and ADF- 
GLS unit root tests for the two subsamples, there is some evidence that a 
change in order of integration occurs for the series, or at least the clas-
sification of the series as either (asymptotically) stationary or unit root 
processes is difficult to confirm. These findings are important it is well 
recognised that care has to be exercised when considering unit root 
processes as a spurious relationship can be detected when none exists 
(see, Granger and Newbold, 1974; Phillips, 1986). This prompts our 
subsequent application of autoregressive distributed lag (ARDL) 
modelling to consider the potential long-run relationship between these 
series due to the robustness of this approach in the presence of uncer-
tainty regarding the integrated nature of the series considered. 

4. The long-run relationship between life expectancy and 
income 

While not providing full details on the cointegration analysis un-
dertaken, TG does report on the application of the cointegrating 

Table 2 
Unit root test results (split-sample analysis).  

Series 1841 − 1917 1918 − 1999 

ADF ADF-GLS ADF ADF-GLS 

gdp − 3.370 − 2.932 − 3.849 − 1.530 
[0.063] [0.044] [0.019] [0.643]

leb − 4.094 − 2.162 − 2.333 − 1.920 
[0.010] [0.259] [0.411] [0.384]

Notes: The above tabulated negative figures are calculated test statistics for the 
ADF and ADF-GLS tests. Figures in square brackets are p-values for the relevant 
test statistics. 
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regression Durbin-Watson test and the Johansen method not leading to a 
rejection of the null of no cointegration. This conclusion of no cointe-
gration is revisited here, with the decision on the approach adopted to 
perform this analysis guided by the insights gained from the univariate 
analysis of the previous section. 

The results presented in the previous section present uncertainty 
regarding the order of integration of the series examined, with a po-
tential change apparent when moving between subsamples and some 
conflicting results found within the subsamples. These findings prompt 
investigation of a potential long-run relationship between leb and gdp 
based upon split-sample analysis, together with the use of an empirical 
method applicable irrespective of whether the series under examination 
are unit root or stationary processes. The method employed is the ARDL- 
based bounds testing approach of Pesaran et al. (2001). Application of 
this method begins with the formulation of an appropriate ARDL model 
of the series which in this bivariate context simply involves regressing a 
variable upon its own lags, appropriate deterministic terms, and the 
current value and lags of another variable. This ARDL model is then 
respecified as a conditional error correction model (CECM). As with the 
unit root testing conducted in the previous section, decisions are 
therefore required concerning the deterministic terms to employ in this 
analysis and lag augmentation. With regard to deterministic terms, the 
trending nature of the series considered leads to inclusion of a linear 
trend in our analysis. Following the approach considered in seminal 
research of Pesaran et al. (2001), we consider the inclusion of a trend in 
both restricted and unrestricted forms. This results in consideration of 
CECMs referred to as Cases IV and V respectively by Pesaran et al. 
(2001). These specifications are presented in equations (7) and (8) 
below. 

Δgdpt = c0 + πg
(
gdpt− 1 − γyt

)
+ πl(lebt− 1 − γxt)+wΔlebt− j +

∑p− 1

i=1
δiΔgdpt− i

+
∑q− 1

j=1
γjΔlebt− j+ut

(7)  

Δgdpt = c0 + c1t + πggdpt− 1 + πllebt− 1 + wΔlebt− j +
∑p− 1

i=1
δiΔgdpt− i

+
∑q− 1

j=1
γjΔlebt− j+ut (8) 

The next issue to consider is the degree of augmentation of the ARDL 
models underlying the CECMs. Our consideration of subsamples con-
taining 77 and 82 observations results in a need to be mindful of the 
degrees of freedom implications of higher lag orders. We therefore 
consider ARDL (p, q) models where 1 ≤ p,q ≤ 4. While this lower bound 
is chosen to ensure the presence of lagged level terms, the upper bound is 
sufficiently large to capture dynamics given the annual frequency of the 
data examined. The optimised values of p and q employed are deter-
mined via minimisation of the AIC. 

The existence of a long-run relationship between leb and gdp can be 
tested in two ways. First, it can be examined via an F-like statistic 
examining the joint insignificance of the coefficients on the lagged levels 
terms in (7) and (8). Formally, this involves examination of the null 
hypothesis H0 : πg = πl = 0. However, for model (8) a second option is 
available via a t-like statistic based upon the null H0 : πg = 0. Given the 
F- and t-like structure of the tests and their use of models referred to as 
Cases IV and V in Pesaran et al. (2001), the resulting test statistics are 
denoted here as FIV , FV and tV respectively. Critical values for these tests 
follow non-standard distributions, with the use of ‘bounds’ arising due to 
the presence of two critical values based upon the series examined being 
either stationary or unit root processes. Only when the relevant upper 
bound is exceeded is the null of no long-run relationship rejected. 
Finally, drawing upon the above models, the long-run relationship 

between leb and gdp is given by β = − πl/πg. 
The results obtained from application of the ARDL approach to the 

two subsamples are reported in Table 3. From inspection of these results 
it can be seen that relatively low order ARDL models are selected for 
both subsamples considered with the Breusch-Godfrey test statistics 
indicating that these models do not exhibit any issues regarding serial 
correlation. 

The calculated FIV , FV and tV statistics presented in Table 3 provide 
overwhelming evidence of a long-run relationship between leb and gdp 
in both subsamples, with the relevant nulls rejected beyond the 1% level 
of significance in all but one case. The single exception to rejection at the 
1% level occurs under application of the FIV test in the first subsample. 
However, the failure to reject at this level is marginal as the calculated 
test statistic of 8.884 is compared to an upper bound 1% critical value of 
8.905. Two interesting features can be commented upon in relation to 
the long-run coefficients, as given by the calculated β. First, it can be 
seen that the long-run coefficients are negative for both subsamples. 
This detection of a negative relationship between life expectancy and 
GDP is supported by previous research. While studies such as Kunze 
(2014) refer to the complexity of the life expectancy-GDP relationship, 
Boucekkine et al. (2002) and Echevarría (2004) both note the potential 
of a rise in ‘higher levels’ of life expectancy to have a negative impact 
economic growth. This negative relationship is also present in the 
research of Tapia Granados and Ionides (2015) and Hansen and Lønstrup 
(2015), while Acemoglu and Johnson (2007) make reference to 
neo-classical growth theory to support an identified negative relation-
ship and Acemoglu and Johnson (2014) report directly upon ‘a negative 
impact of life expectancy on GDP per capita’ (p.1370). In attempt to 
explain this negative relationship, Ruhm (2000) discusses the roles of 
obesity, smoking, physical activity and diets as factors underlying the 
procyclical nature of mortality. A second feature of the results is the 
increased sensitivity of income to life expectancy in the latter subsample 
as demonstrated by the near doubling (in absolute terms) of the esti-
mated values of β (− 0.4244 compared to − 0.8079). Again this finding is 
consistent with previous research in which the negative relationship 
between the series is noted as more apparent for the higher levels of 
income. Clearly, higher levels of income corresponds to the second, 
rather than first, subsample considered here. This finding is also 
apparent in the results of the panel data analysis of Acemoglu and 
Johnson (2014) where life expectancy coefficients in a regression of log 
per capita GDP are more negative for sample covering 1940–2000 
compared to results for a 1940–1980 sample. Considering the size of the 
reported long-run coefficients in Table 3, these lie in a range reported for 
a series of panel data models presented by Acemoglu and Johnson 
(2014). 

In summary, adopting an approach based upon split-sample analysis 
about an identified breakpoint shows the presence of long-run re-
lationships between leb and gdp, and these differ in nature between the 
two periods considered. 

Table 3 
Long-run relationships between gdp and leb.  

Sample ARDL β FIV tV FV BG 

1841–1917 (2,2) − 0.4244y 8.884* − 4.815y 12.928y 0.286 
1918–1999 (2,1) − 0.8079y 9.011y − 4.532y 13.212y 0.296 

Notes: Figures under the heading ‘ARDL’ denote the dimensions of the ARDL 
models underlying the estimated conditional ECMs. Figures under the headings 
FIV and FV are calculated F-like bounds test statistics for Cases IV and V of 
Pesaran et al. (2001). tV denotes the calculated t-like bounds test for Case V of 
Pesaran et al. (2001). The results under the heading ‘BG’ are p-values for a 
second order Breusch-Godfrey test of serial correlation. * and y denote signifi-
cance at the 5% and 1% levels of significance respectively.  
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5. Exploring robustness using an alternative data vintage 

To further examine the relationship between life expectancy and 
income, the above analysis is repeated using the most recent vintage of 
per capita GDP available from the Maddison Project (https://www.rug. 
nl/ggdc/historicaldevelopment/maddison/?lang=en), namely the 2020 
release. Clearly, this is a subsequent vintage of the data unavailable to 
TG. 

The issue of revisions to data, and the implications this has for 
econometric analysis, are prominent within a particular approach to 
modelling that has become known as the LSE or Hendry methodology 
(see, inter alia, Cook, 1999; Gilbert, 1986; Hendry et al., 1990; Mizon, 
1995). Under this approach reference is made to the notion of the Data 
Generation Process (DGP) which gives rise to the data employed in 
empirical research. This is deemed to arise as a result of a measurement 
system being imposed upon an actual underlying economic mechanism. 
In simple terms, this can be interpreted as an uncontroversial statement 
proposing that: actual activity and actions take place, an attempt to 
record this requires the use of a particular measurement system, and this 
use of this measurement system results in data being generated. 
Therefore as the measurement system changes, the data obtained change 
or are revised. This has clear implications for the ‘truth’ of models and 
the ability of tests to evaluate specific issues or events as actual phe-
nomena are not examined directly but rather via measures of them ob-
tained using specific measurement systems that are subject to potential 
revision or change. By extending our analysis to consider a later vintage 
of data, we explore the impact of data revision upon our initial 
inferences. 

Fig. 3 presents the raw forms of the 2020 release of per capita GDP 
and life expectancy. The similarity between this graph and Figure One 
demonstrates the similarity of the two vintages of per capita GDP, albeit 
that the series are measured in different units (the latter version being 
measured in 2011 US dollars rather than 1990 Geary-Khamis dollars). A 
further comparison of the two per capita GDP series in provided by Fig. 4 
in which both series appear in their natural logarithmic forms. Before 
considering the relationship between the life expectancy and the 2020 
vintage of GDP in their logged forms, these series are presented in Fig. 5. 
This final figure offers a more direct comparison of the two series and 

makes explicit their similarity. 
The similarity between the two vintages of GDP discussed above is 

reflected in the results of unit root testing provided in Table 4. Here, the 
results are very similar to those for the earlier vintage of GDP reported in 
Tables One and Two. In summary, considering the ‘no break’ unit root 
tests, the unit root null hypothesis is not rejected over the full sample but 
there is some evidence against it in the second subsample and more still 
in the first. As with the earlier version of the GDP series, application of 
the Perron test results in the detection of a significant break in 1918 and 
rejection of the unit root hypothesis. 

Table 5 presents the results obtained from examination of a potential 
long-run relationship between life expectancy and the new vintage of 
GDP. Again, the results provided are very similar to those obtained when 
considering the earlier vintage of reported in Table 3. In summary, 
highly significant evidence in support of a long-run relationship is 
apparent for both subsamples, with the long-run coefficients again 
showing life expectancy to have a greater negative impact upon income 
in the second subsample. 

6. Conclusion 

The existence of a large literature exploring the relationship between 
life expectancy and income is unsurprising given its potentially impor-
tant policy implications. Our paper has revisited a very definite 
conclusion presented in relevant research which states UK life expec-
tancy and income do not share a long-run relationship. At the heart of 
our analysis is the detection of clear structural breaks in both the life 
expectancy and income data examined. These breaks correspond to the 
peak of the 1918–1919 Influenza Pandemic in the UK. This discovery 
shapes the empirical approach that we subsequently adopt. Prompting 
the utilisation of a split-sample analysis, it discloses uncertainty 
regarding the orders of integration of the series examined thus encour-
aging the adoption of ARDL modelling. The central outcome of this 
analysis is the reversal of TG’s conclusion of no long-run relationship 
between life expectancy and income. However, our empirical analysis 
provides further important findings. First, the significant long-run 
relationship detected is found to be negative. Second, it is shown that 
the relationship was more negative in the second of the two samples 

Fig. 3. 2020 income and life expectancy.  
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considered. As noted, both of these findings have support in previous 
research. A further feature of our analysis is the demonstration of 
robustness when extended to consider a later vintage of income data 
unavailable to TG. 

The empirical findings presented have clear policy implications. 
While consideration of the relationship between life expectancy and 
income might typically focus upon socio-economic factors such as 

income inequalities, education and housing (see, inter alia, Purnell et al., 
2016), the negative relationship revealed in our analysis of a ‘higher 
income, higher life expectancy’ economy directs attention to additional 
issues. Prominent amongst these are the factors explored in studies such 
as Ruhm (2000) relating to obesity, diet, activity and smoking. While we 
have deliberately adopted analysis at a highly aggregated level to 
highlight the value of replication and reproduction, our findings 

Fig. 4. Two vintages of GDP.  

Fig. 5. 2020 Income and Life Expectancy at Birth (in logarithmic form).  
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demonstrate that a shift in focus to a more disaggregated level might be 
fruitful for future research to explore the importance income inequality 
and the life style factors which are not captured by the consideration of 
aggregate GDP. 

Data availability 

The data are available (with ease) to interested readers via sources 
stated in the paper, but cannot be supplied by the authors. 
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Test stat TB 
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1841–1917 − 4.028 − 3.226   
[0.012] [0.020]
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ADF, ADF-GLS and Perron tests. Figures in square brackets are p-values for the 
relevant test statistics, with the remaining figures under ‘TB’ denoting calculated 
break dates. 

Table 5 
Long-run Relationships between the 2020 vintage of gdp and leb.  

Sample ARDL β FIV tV FV BG 

1841–1917 (2,2) − 0.3830* 9.377† − 5.059† 13.660y 0.930 
1918–1999 (2,1) − 0.7498† 8.973† − 4.512† 13.239y 0.123 

Notes: Figures under the heading ‘ARDL’ denote the dimensions of the ARDL 
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FIV and FV are calculated F-like bounds test statistics for Cases IV and V of 
Pesaran et al. (2001). tV denotes the calculated t-like bounds test for Case V of 
Pesaran et al. (2001). The results under the heading ‘BG’ are p-values for a 
second order Breusch-Godfrey test of serial correlation. * and † denote signifi-
cance at the 5% and 1% levels of significance respectively.  
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