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Highlights 

 Immunity against BCG stops Mantoux tests directly identifying primary TB 

infections. 

 Interferon-gamma release assay (IGRA) can mirror primary infection but it 

decays. 

 An epidemiological model was devised to model the IGRA response and its 

decay. 

 Annual risk of infection (ARI) was estimated to decline over time. 

 ARI was found to be highly heterogeneous across geographic locations in Japan. 
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ABSTRACT 

To assess tuberculosis transmission frequency at a population level, the 

age-dependent Mantoux test has been used widely to estimate the annual risk of 

infection (ARI) with Mycobacterium tuberculosis. However, the widespread Bacille 

Calmette-Guerin (BCG) immunization program implemented in Japan in the 20th 

century has made natural infections with M. tuberculosis difficult to distinguish from 

immune responses against this vaccine. Consequently, a recognized alternative method 

for measuring the frequency of primary infections, the interferon-gamma release assay 

(IGRA), which partially decays as a function of time after infection, is used. We aimed 

to estimate the ARI in Japan from IGRA data along with its response decay information 

using mathematical modeling. Devising a partial differential equation system, we 

computed the probability of IGRA positivity as a function of time and age, accounting 

for the time-varying force of infection and decay function of the IGRA response. Jointly 

estimating the force of infection and the parameters governing the decay function of the 

IGRA response, we found that the age-dependent increasing pattern of the IGRA 

response was captured by the proposed simple model, yielding estimates of the 

time-dependent force of infection. ARI decreased as a function of time in the study 

subjects for all geographic locations. By the year 2030, our model showed that the 

median age of infection is predicted to be delayed by 40–50 years compared with that in 

1940. The geographic variations in the ARI were striking, ranging from under 0.1% to 

0.6% in 2018, which echoes the longstanding notion of highly heterogeneous 

geographical TB transmission in Japan. 
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Highlights 

 Immunity against BCG stops Mantoux tests directly identifying primary TB 

infections. 

 Interferon-gamma release assay (IGRA) can mirror primary infection but it decays. 

 An epidemiological model was devised to model the IGRA response and its decay. 

 Annual risk of infection (ARI) was estimated to decline over time. 

 ARI was found to be highly heterogeneous across geographic locations in Japan. 

 

1. Introduction 

To assess the frequency of tuberculosis (TB) transmission at a population level, the 

annual risk of infection (ARI) with Mycobacterium tuberculosis calculation has been 

widely used in epidemiological studies (Rieder, 2005). ARI is particularly useful for 

assessing the transmission dynamics of TB, because it can reflect the frequency of 

primary infection, despite the intrinsic dynamics of TB being highly complex (Blower 

et al., 1995; Vynnycky & Fine, 1998; Trauer et al., 2014). To date, a multitude of 

methods have been proposed to estimate the ARI for TB and its variation over time, 

with the mainstream estimates relying on the national tuberculin survey data (i.e. 

Mantoux test results) or the mortality rates for infant meningitis (Stýblo et al., 1969a; 

Stýblo et al., 1969b; Sutherland et al., 1983; Sjogren & Sutherland, 1975; March-Ayuela, 

1994; Vynnycky & Fine, 1997). The Bacille Calmette-Guerin (BCG) immunization 
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program was widely adopted in Japan during the 20th century, but the Mantoux test, 

which rests on the development of an effective memory T cell response in an individual, 

is unable to distinguish natural infections from other immune responses related to the 

BCG vaccine itself. Furthermore, meningitis mortality estimates only remain unbiased 

during the pre-chemotherapy era. Therefore, TB experts have sought alternative 

measures to accurately evaluate this disease epidemiologically, one of which is the TB 

prevalence survey (Trébucq et al., 2005; van’t Hoog et al., 2012; Borgdorff et al., 2013; 

Pandey et al., 2017). Other methods that have been put into practice for Mantoux 

test-based ARI estimates include the so-called mirror method, the use of fixed cut-off 

values, and the imposition of certain recruitment restrictions on the observational study 

design has enabled continuous ARI monitoring to be conducted through the use of 

Mantoux test results (Kusano et al., 2005; Kritzinger et al., 2009; Shanaube et al., 2009; 

Christopher et al., 2011; Yadav et al., 2011; Chopra et al., 2012; Garyfalia et al., 2013; 

Haghdoost et al., 2014; Gao et al., 2016). 

The ARI estimation studies that have taken place in both developing and 

developed countries include those spanning time periods, but such studies have been 

somewhat rare in Japan. The latest and only study from Japan was conducted by Mori in 

1971 (published in Japanese) and employed the age-independent but time-dependent 

model of Stýblo et al. (1969a, 1969b). The study rested on the 1968 tuberculin survey 

data for Okinawa (the southernmost prefecture in Japan), which was politically under 

USA rule after World War II and did not implement a BCG vaccination program. ARI 

was estimated to be 0.3% in 1968 and was shown to decrease annually by 10–11% 

according to Stýblo’s assumption (Mori, 1971). Subsequently, no explicit estimation 
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study has taken place, but many studies have adopted the 1971 study’s estimate and 

have extended its exponential decline even into the 21st century (Ohmori, 1991; Ohmori 

et al., 2008). Although the TB notification rate has steadily decreased over a long time 

in Japan, to what extent the ARI has decreased over the last 50 years has not been 

properly evaluated. 

Because the Mantoux test is disadvantaged by its inability to discriminate 

between a natural infection and reactivity against BCG components in its test outcome, 

as an alternative, the whole-blood interferon-gamma (IFN-γ) release assay (IGRA) was 

developed, which rests on the presence of an antigen-dependent immediate effector T 

cell response in an individual (Brock et al., 2001; Adetifa et al., 2013; Kruczak et al., 

2014). Exclusive detection of natural infections by IGRA engenders the hope of directly 

capturing the frequency of primary infections through population-based cross sectional 

surveys, and this laboratory method was once used to measure the ARI among children 

in Spain (Diez et al., 2015). Consequently, the ability to identify latent TB infections has 

been eagerly awaited from the IGRA response data (Doan et al., 2017). Disappointingly, 

however, the IFN-γ response appears not to last as long as that of the Mantoux text, and 

it has been shown that both tuberculin and IGRA reactions wane as a function of time 

after TB exposure (Mori et al., 2007; Adetifa et al., 2010; Adetifa et al., 2013). 

Although the IGRA response may wane over time after an individual becomes 

infected with TB, the waning response has been measured in an empirical follow-up 

study (Adetifa et al., 2013). This information offers a possible avenue towards explicitly 

estimating the ARI using IGRA data while addressing assay decay over time. Therefore, 

the present study aimed to estimate the ARI in Japan using a multitude of IGRA data 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

 - 7 - 

along with observations of the response decay, by employing a mathematical model. 

 

2. Materials and Methods 

2.1. IGRA response data 

The present study used two published datasets. First, we collected the 

published observational study data from a seroepidemiological survey that used IGRA 

in Japan from 2005–15. The published seroprevalence data from 13 cities and a total of 

18 different datasets were collected (Ohya et al., 2007; Suenaga et al., 2008; Miyano et 

al., 2010; Tsukiji et al., 2011; Kamijo et al., 2010; Uesugi et al., 2014; Inoue, 2011; 

Yoshikawa, 2012; Kimura, 2017; Seto & Ahiko, 2014; Fukushima et al., 2013; 

Fukushima et al., 2014; Fukushima et al., 2015; Fukushima et al., 2016; Sato et al., 

2012; Yamada, 2017; Makishima et al., 2016; Kimura et al., 2016). These surveys were 

conducted as part of the case finding activities for active TB, and in two cities (Saitama 

and Hiroshima) the survey was conducted on four and three occasions, respectively, in 

different calendar years. The counts for the IGRA-positive and -negative individuals 

were provided as a function of the age groups. 

Second, we reanalyzed the follow-up results for the IGRA responses from the 

randomized, double blinded, and placebo-controlled trials. Adetifa et al. (2013) 

examined the decay kinetics of TB-specific antigen T cell responses assessed by IGRA 

(in-house ELISPOT) among patients who experienced a primary infection, as identified 

by contact tracing practice. The IGRA response decay was followed for 12 months. The 

IGRA seroprevalence data and the decay data are available in Supplementary data 1. 
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2.2. Mathematical model 

Here, we describe the epidemiological dynamics of primary infection with M. 

tuberculosis as well as the IGRA response. Fig. 1 shows the compartmental structure of 

our model. Susceptible individuals experience TB exposure at a rate corresponding to 

the force of infection λ(t), which is assumed to be age-independent and time-dependent 

according to the method of Stýblo (1969a), after which they become infected and IGRA 

positive. Nevertheless, the IGRA response wanes at rate δ(τ) as a function of time after 

infection τ. This process is described by the following equations: 

(
𝜕

𝜕𝑎
+

𝜕

𝜕𝑡
) 𝑠(𝑎, 𝑡) = − (𝑡)𝑠(𝑎, 𝑡)         (1) 

(
𝜕

𝜕𝑎
+

𝜕

𝜕𝜏
+
𝜕

𝜕𝑡
) 𝑖(𝑎, 𝜏, 𝑡) = −𝛿(𝜏) 𝑖(𝑎, 𝜏, 𝑡)            

with boundary conditions 

𝑠(0, 𝑡) = 1    (2) 

and 

𝑖(𝑎, 0, 𝑡) =  (𝑡)𝑠(𝑎, 𝑡).    (3) 

Analytically solving the McKendrick equation system (1) along characteristic lines, we 

have 

𝑠(𝑎, 𝑡) = 𝑠(0, 𝑡 − 𝑎)𝑒−∫   (𝑥) 𝑑𝑥
𝑡

𝑡−𝑎 .    (4) 

Note that 1-s(a,t) would give the cumulative distribution of primary infection at age a 

and time t. Similarly, we obtain 

𝑖(𝑎, 𝜏, 𝑡) =  (𝑡 − 𝜏) 𝑠(𝑎 − 𝜏, 𝑡 − 𝜏) 𝑒−∫ δ (𝑥) 𝑑𝑥
𝜏

0 .    (5) 

Let the survival probability of IGRA positivity as a function of time since exposure τ be 

𝑝(τ) =  𝑒−∫ 𝛿 (𝑥) 𝑑𝑥
𝜏

0 ,   (6) 
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we can rewrite (5) as 

𝑖(𝑎, 𝜏, 𝑡) =  (𝑡 − 𝜏) 𝑠(𝑎 − 𝜏, 𝑡 − 𝜏)𝑝(τ),    (7) 

from which we obtain the expected value of IGRA positivity in year t at age a years as 

𝑗𝑡(𝑎) = ∫  (𝑡 − 𝜏) 𝑠(𝑎 − 𝜏, 𝑡 − 𝜏)𝑝(τ)𝑑τ
 

 
.    (8) 

We extrapolated the decay function of the IGRA response with two different functional 

assumptions using a small number of parameters. First, the log-linear waning function is 

assumed to be 

𝑝(τ) = −γ ln(𝜋τ＋1) + 1,    (9) 

where γ scales the strength of decay and π is the steepness of decline over τ. Another 

functional assumption is the exponential function, which reads 

𝑝(τ) = (1 − φ) 𝑒−𝜔𝜏 +  𝜑,    (10) 

where φ represents the fraction that remain positive and ω is the exponential waning 

rate. Loglinear model allows a long-lasting continuous decay over time since infection, 

while exponential model has the bottom level φ. While the latter assumption may be in 

line with the notion of decay in cellular immune response, we do not have empirical 

data of the long-term decay and thus examined both (9) and (10) as our assumptions. 

Equation (8) yields the model-based prediction of the probability of being IGRA 

positive at age a in year t, and the decay function can then be jointly fitted to the 

follow-up data using either (9) or (10) as the expected value still remains positive at 

time τ since infection. 

We employed a maximum-likelihood estimation method to fit the 

abovementioned model to the data. To do so, we had to remember that the 

epidemiological TB dataset contains considerable heterogeneity, and thus, the range of 
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the IGRA-positive fraction can be broad. Thus, we considered the following three 

possible scenarios to capture the heterogeneity: (i) that no heterogeneity exists in Japan 

and an identical force of infection was shared among all cities, (ii) that heterogeneous 

transmission was classified into three discrete groups based on the tertile of the TB 

notification rate in 2010, and (iii) that all cities experience different forces of infection, 

while the decay rate is biologically determined and is thus a common function across 

the different cities. 

Let D be the number of datasets (originally set at D=18). Since the individual 

IGRA positivity is Bernoulli sampling process, we assume that the population sample 

data follow a binomial distribution. Namely, given the sample size na,i, and the number 

of IGRA positives xa,i at age a in city i, the likelihood of estimating the parameters from 

the IGRA response data was 

𝐿1(𝜃; 𝑥𝑎,𝑖 , 𝑛𝑎,𝑖) = ∏  ∏ ( 𝑛𝑎,𝑖
𝑥𝑎,𝑖

) 𝑗𝑡 (𝑎)
𝑥𝑎,𝑖(1 − 𝑗𝑡 (𝑎))

𝑛𝑎,𝑖−𝑥𝑎,𝑖
𝑎

𝐷
𝑖=1 .  (11) 

Similarly, given the sample size of the IGRA response decay study mτ at time τ since 

exposure and yτ being IGRA positivity, we have 

𝐿2(𝜃; 𝑦𝜏, 𝑚𝜏) = ∏ (𝑚𝜏
𝑦𝜏
) 𝑝 (𝜏)𝑦𝜏(1 − 𝑝 (𝜏))

𝑚𝜏−𝑦𝜏
𝜏 .  (12) 

The total likelihood is 

𝐿 = 𝐿1𝐿2, (13) 

the negative log-likelihood of which we have minimized. The 95% confidence intervals 

for the parameters were obtained by profile likelihood. To compute the 95% confidence 

interval for the predicted IGRA positivity in each observed dataset, we employed the 

parametric bootstrap method; we resampled the parameter set based on the maximum 

likelihood estimates and the resulting covariance matrix (which is the inverse matrix of 
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the Hessian). Based on the parameter set, we obtain the predicted value of the model for 

1000 times, and then, the densities of the IGRA positivity and IGRA decay were derived 

corresponding to the estimated parameters. 

Once the force of infection was estimated, we computed the ARI in year t as 

𝐴𝑅𝐼(𝑡) =  1 − 𝑒− (𝑡).  (14) 

It should be noted that the force of infection was parameterized as 

 (𝑡) = 𝑒−α𝑡+β,  (15) 

following the method of Stýblo et al. (1969a). 

 

3. Results 

3.1. Descriptive epidemiology 

In total, 18 IGRA response survey datasets were collected for 13 different cities 

in 2005–15 (Fig. 2). Of these, 17 datasets from 12 cities, which showed an age-specific 

monotonically increasing IGRA-positive fraction, were used for subsequent analyses. 

The data for Kanagawa were removed from the analysis, because the age-dependent 

increase in IGRA responsiveness turned out to have a declining pattern among the 

adults and we were not able to successfully derive the time-dependent force of infection 

estimates from this dataset. The data from Kinki represent the mixture of six different 

prefectures in this region, and for that reason, the sample size was larger than the other 

survey data and the uncertainty boundary was small. The observed datasets were 

classified as falling into three different categories of cities, according to the TB 

notification rate in 2010 (i.e., less than 12.6, from 12.6–18.4, and 18.4 and above per 

100,000 people), as indicated by the x-marks and the filled and unfilled circles, 
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respectively, in Fig. 2. 

3.2. Model fit 

We examined three different heterogeneity scenarios for the force of infection, 

that is, (i) that no heterogeneity exists across geographic space (i.e., λ is common across 

cities), (ii) that there are three different λ values according to the tertile of the 

notification rate, and (iii) λ is city dependent, but the Akaike Information Criterion 

(AIC) specifically indicated that heterogeneity by city (i.e., scenario (iii)) appeared to 

yield the best fit of the data (Table 1). Note that the results with AICc did not vary from 

those with AIC. Using two different decay patterns (log-linear and exponential), the AIC 

for the log-linear and exponential decay models was 827.9 and 883.5, respectively, 

indicating that the log-linear model better explained the underlying decay pattern (Table 

1). Fig. 3 compares the observed versus the predicted IGRA response based on the 

city-dependent force of infection (i.e. scenario (iii)). Supplementary data 2 shows 

parameter estimates. With the exception of Hiroshima and Saitam, in the majority of 

locations the observed data strongly overlapped with the 95% CI for the predicted IGRA 

positivity values. In Hiroshima and Saitama, the observed fractions for a small number 

of age groups fell outside of the uncertainty boundaries, perhaps because those age 

groups actually represented the exposed groups for which the IGRA surveys were 

triggered in the first place. 

3.3. Exploring time-dependent estimates 

Employing scenario (i) (i.e. that an identical λ exists across Japanese 

prefectures), we calculated the cumulative distribution for primary infections across the 

whole of Japan, using the log-linear and exponential decay models (Fig. 4A, B). A 
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tremendous right-wards shift in the cumulative frequency was observed in the models, 

such that while the median age at infection was estimated to be around 30 and 20 years 

of age in 1940 by the log-linear and exponential models, respectively, these were 

predicted to be delayed to 80 and 60 years of age, respectively, by 2030. Fig. 4C shows 

the time-dependent declining pattern of the ARI for scenario (i). The ARI, as based on 

the exponential decay of the IGRA, yielded a greater estimate over the same time period 

when compared with that of the log-linear decay model. Compared with Mori’s 1960s 

dataset-based prediction, our estimates generated less steep ARI curves and, 

consequently, larger ARI estimates overall. The estimated decay functions of the IGRA 

response based on scenario (iii) are illustrated in Fig. 4D. The observed pattern by 6 

months post-infection was well captured, and subsequently, the exponential decline was 

estimated to be faster than that of log-linear decay.  

The ARI decay was also examined by prefecture (Fig. 5) using scenario (iii). In 

descending order, we found that Nishio, Adachi and Kinki experienced the three highest 

ARI estimates in 2018 estimated at 0.6% (95% CI: 0.2, 1.1), 0.5% (95% CI: 0.1, 0.7) 

and 0.4% (95% CI: 0.3, 0.4), respectively. The smallest ARI estimates in 2018 were 

obtained for Matsumoto, Miyazaki and Niigata at 0.1% (95% CI: 0.0, 0.2), 0.1% (95% 

CI: 0.0, 0.2) and 0.1% (95% CI: 0.1, 0.2), respectively. Highly diverse estimates of ARI 

were obtained, depending on the geographic survey location. 
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4. Discussion 

The present study estimated the ARI for TB in Japan using the IGRA response 

data for time and age. Employing a mathematical model governed by partial differential 

equations, and jointly estimating the force of infection along with parameters governing 

the decay function of the IGRA response, we successfully estimated the ARI and 

characterized the frequency of primary TB infections in present day Japan. An 

age-dependent increasing pattern of IGRA response was captured by the proposed 

simple model, which yielded estimates of the time-dependent force of infection. 

Notably, our modelling predicted that the median age of infection will be delayed 

considerably by 40–50 years in 2030 as compared with the 1940 value. The highly 

heterogeneous nature of disease transmission was endorsed by the geographical estimate 

of the ARI. 

Our findings have practical importance for the TB field in that our IGRA response 

data predicts that the annual rate of TB infection should decline over time. In a 

population with a high BCG vaccinated coverage, it has been difficult to estimate the 

incidence of primary infection with M. tuberculosis directly from Mantoux test results 

(Trebucg et al., 2005; Pandey et al., 2017), but this estimation was made possible in the 

present study by using IGRA results and their associated decay with a new 

mathematical model. Consequently, we have shown that the ARI has decreased as a 

function of time in all geographic locations for which we had data. It is worth noting 

that our estimated ARI is greater than that Mori (1971) predicted over 40 years ago, 

because that estimate was only based on the Mantoux test results for Okinawa, and 
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acted therefore as an unsupported measure of transmission for Japan in its entirety, even 

for the present day. Our exercise has helped with updating Mori’s estimate. 

Another important finding from the present study was that the ARI appears to be 

highly heterogeneous across the geographical locations that were studied. ARI in many 

cities was estimated to be 0.1% or lower (with greater precision), a finding consistent 

with published estimates from several decades ago in industrialized countries including 

the United Kingdom (March-Ayuela, 1994; Vynnycky & Fine, 1997). Here, we found 

that the estimates for relatively remote areas were typically low (e.g., Matsumoto and 

Miyazaki). However, the ARI estimates for urban locations such as Adachi and Nishio 

were as high as 0.5% and 0.7%, respectively. We believe that this level of heterogeneity 

has probably arisen for two different reasons. First, the presence of at-risk populations 

(e.g. unemployed persons, foreigners and the elderly) in some areas means that TB 

transmission in Japan is known to be highly heterogeneous geographically, and our ARI 

estimates reflect these actual heterogeneities. Second, it is more plausible, especially for 

Adachi and Nishio, that the subjects sampled for the IGRA survey included those at 

high risk of TB exposure. That is, it has frequently been the case that an IGRA survey at 

the local level is triggered by identifying infectious TB cases, and we cannot rule out 

the possibility that the sampled subjects were recruited from people with close contact 

to known cases. Heterogeneous exposure, the latter explanation, can also explain why 

the observed IGRA response data for Hiroshima and Saitama fluctuated irregularly with 

age. 

Our approach has shown that the IGRA response can be used for estimating ARI 

by addressing its decay via a mathematical model, but we have to discuss the validity of 
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analyzing IGRA data for estimating the cumulative frequency of primary infections 

with TB. That is, our estimates of ARI rest on a model that makes certain assumptions 

on the decay function of the IGRA response. Depending on the functional assumption 

employed, the ARI appeared to differ. While our estimated decay function captured the 

observed decay data during the patients’ follow-up (for up to 1 year post-infection), no 

empirical follow-up data are available covering longer time scales. Considering that 

Stýblo’s model-based ARI assumption is very ambitious for estimating the 

time-dependent patterns for the force of infection, further longitudinal observation of 

the IGRA response is required for future validation of the ARI estimation method. 

Our study was not free of limitations. First, the local survey sample sizes are quite 

limited, and thus, the uncertainty boundaries of our estimates are broad. Second, 

because of the heterogeneous nature of TB transmission, selection bias associated with 

the IGRA testing during sampling processing cannot be ruled out (as discussed above); 

therefore, the estimates for a single geographical area might not be applicable to the 

whole of Japan. In fact, it may not be a sound idea to aim to identify the representative 

value for the ARI across the whole of Japan in the present day; rather, perhaps it is 

better to explore the nature of heterogeneous transmission with greater spatial resolution 

and stratification in the at-risk populations. Third, as acknowledged above, the 

empirical data for IGRA decay was limited in its length of follow-up, making it difficult 

to currently identify the most appropriate functional pattern to fully describe the decay.  

In conclusion, despite these remaining technical problems, we believe that our 

proposed model successfully estimated the ARI for TB from the IGRA response data 

for present day Japan without suffering from the complication of BCG vaccination. As 
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we aim to construct an accurate and reliable estimation method for TB infection 

frequency, we are open to any criticisms, comments or suggestions to bring about future 

improvements to ARI estimations. 
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Figure legends 

 

Fig. 1. Compartmental model for describing the interferon-gamma release assay 

(IGRA)-positive fraction as a function of time and age. 

New infections take place at a rate λ(t), which is referred to as the force of infection at 

time t, yielding an estimate of the annual risk of infection. Once becoming infected and 

IGRA-positive, the IGRA decay occurs at the rate δ(τ) at the time τ since infection.  
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Fig. 2. Observed proportion of the study subjects that are interferon-gamma 

release assay (IGRA)-positive in Japan. 

Observations took place from 2008–15 with a total of 18 different datasets from 13 

different cities. City and year of observation are written on the top of each panel. In 

Hiroshima and Saitama, the survey was conducted a total of 3 and 5 times, respectively. 

The proportion of individuals that are positive in a given age group is represented by a 

mark, which is stratified into three groups according to the tertile (i.e., low, middle and 

high) of the tuberculosis notification rate in 2010 in the respective prefectures. Vertical 

error bars represent the 95% confidence intervals calculated from the binomial 

distribution. Because the observed pattern of IGRA-positivity in Kanagawa was not 
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captured well by our mathematical model, this dataset was excluded from our modeling 

study. 

 

 

Fig. 3. Comparison between the observed and predicted proportion of individuals 

with interferon-gamma release assay (IGRA)-positivity in Japan. 

The age-specific proportion of individuals with positive interferon-gamma release 

assays (IGRAs) was modeled, and comparisons between the observed and predicted 

frequencies were made for a total of 17 different datasets from 12 cities. It was assumed 

in the predicted model that the force of infection varied by city, while the decay function 

of the IGRA response was assumed to be common (i.e. shared across cities). The 
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observed proportion that were positive in a given age group is represented by a mark, 

which is stratified into three groups according to the tertile (i.e., low, middle and high) 

of the tuberculosis notification rate in 2010 in the respective prefectures. Vertical error 

bars represent the 95% confidence intervals calculated from the binomial distribution. 

The solid line represents the prediction based on the model that uses a log-linear decay 

of the IGRA response. The dashed line shows the prediction based on the model that 

uses an exponential decay of the IGRA response. The uncertainty boundaries (i.e. 95% 

confidence intervals) of the predicted log-linear and exponential decay models are 

shown as dark and light gray shaded areas, respectively, based on the bootstrapping 

method; the calculated AICs for these models were 827.9 and 883.5, respectively. 
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Fig. 4. Cumulative incidence, annual risk of infection and decay function of the 

interferon-gamma release assay (IGRA) 

A. Predicted age-specific cumulative incidence of primary infection with tuberculosis 

(TB) by year based on our log-linear decay model of IGRA response. B. Predicted 

age-specific cumulative incidence of primary infection with TB by year based on our 

exponential decay model of IGRA response. C. Estimated annual risk of infection by 

year. The dashed line within light-colored shading shows the estimate from the 

exponential decay model, and the solid line within dark-colored shading shows the 

prediction from the log-linear decay model. Light and dark shaded areas represent the 

95% confidence intervals calculated using the bootstrap method. Grey dots show the 
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estimate obtained from the national tuberculin survey in Okinawa, Japan, 1968 (Mori, 

1971). D. Decay of the IGRA response as a function of time since infection. Dots and 

whiskers represent the observed data and their associated confidence intervals, 

respectively. The dashed line shows the estimate from the exponential decay model, 

while the solid line shows the prediction from the log-linear decay model. The shaded 

areas represent the 95% confidence intervals calculated using the bootstrap method. For 

panels A, B and C, these predictions were made by employing a model that assumed 

that the force of infection was identical across Japan. For panel D, the force of infection 

was assumed to vary by city, but an identical IGRA response decay was assumed.  
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Fig. 5. Annual risk of infection among 12 cities 

Estimated annual risk of infection among 12 different Japanese cities. The dashed line 

within light-colored shading shows the estimate from the log-linear decay model, 

whereas the solid line within dark colored-shading shows the prediction from the 

exponential decay model. The shaded areas represent the 95% confidence intervals 

calculated using the bootstrap method. The force of infection was assumed to vary by 

city, but an identical IGRA response decay was assumed. 
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Table 1. Estimated parameters for the different survival probability functions for 

IGRA-positive individuals and AIC value comparisons. 

 

Parameter: 

γ   

Parameter: 

π    

Log-linear 

decay model 
MLE Lower Upper MLE Lower Upper AIC 

No 

heterogeneity 

in ARI 

0.06 0.05 0.08 178.06 98.54 257.59 989 

ARI in the 

three groups 
0.08 0.08 0.08 97.25 97.01 97.48 910 

Different ARIs 

by city 
0.06 0.04 0.07 295.60 281.50 309.69 828 

 
Parameter: 

φ 
  

Parameter: 

ω 
   

Exponential 

decay model 
MLE Lower Upper MLE Lower Upper AIC 

No 

heterogeneity 

in ARI 

0.25 0.17 0.33 0.86 0.62 1.14 1039 

ARI in the 

three groups 
0.24 0.17 0.31 0.85 0.60 1.10 963 

Different ARIs 

by city 
0.28 0.20 0.36 0.92 0.65 1.19 884 

 

MLE, maximum likelihood estimate. Lower and upper: 95% confidence intervals derived from the 

profile likelihood. AIC, Akaike Information Criterion.  

 


