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Global food security is a major driver of population health, and
food system collapse may have complex and long-lasting effects
on health outcomes. We examined the effect of prenatal exposure
to the Great Chinese Famine (1958–1962)—the largest famine in
human history—on pulmonary tuberculosis (PTB) across consecu-
tive generations in a major center of ongoing transmission in
China. We analyzed >1 million PTB cases diagnosed between
2005 and 2018 in Sichuan Province using age–period–cohort anal-
ysis and mixed-effects metaregression to estimate the effect of
the famine on PTB risk in the directly affected birth cohort (F1)
and their likely offspring (F2). The analysis was repeated on certain
sexually transmitted and blood-borne infections (STBBI) to explore
potential mechanisms of the intergenerational effects. A substan-
tial burden of active PTB in the exposed F1 cohort and their off-
spring was attributable to the Great Chinese Famine, with more
than 12,000 famine-attributable active PTB cases (>1.23% of all
cases reported between 2005 and 2018). An interquartile range
increase in famine intensity resulted in a 6.53% (95% confidence
interval [CI]: 1.19–12.14%) increase in the ratio of observed to
expected incidence rate (incidence rate ratio, IRR) in the absence
of famine in F1, and an 8.32% (95% CI: 0.59–16.6%) increase in F2
IRR. Increased risk of STBBI was also observed in F2. Prenatal and
early-life exposure to malnutrition may increase the risk of active
PTB in the exposed generation and their offspring, with the inter-
generational effect potentially due to both within-household
transmission and increases in host susceptibility.
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The impact of prenatal exposure to famine on the risk of
chronic conditions—including hypertension, coronary heart

disease, type 2 diabetes, metabolic syndrome, and schizophrenia—in
adulthood has been widely studied (1–5). Higher risks of
chronic diseases have also been identified among the children
of individuals from famine birth cohorts (6–8). While there is
an extensive literature on short-term effects of prenatal expo-
sure to famine and malnutrition on infectious diseases (9, 10),
research on long-term and intergenerational effects is limited
(11–13).
Tuberculosis (TB) is a primarily airborne bacterial infection

caused by the pathogen Mycobacterium tuberculosis. After in-
fection, the latent period can range from months to years, with a
relatively small proportion (∼5–10%) of infected individuals
progressing to active disease (14). Worldwide, TB caused 1.6
million deaths in 2017 and was the leading cause of death from a

single infectious agent in 2016 (15, 16). According to China’s
web-based National Infectious Disease Reporting System
(NIDRS) that collects case-level data on 40 notifiable infectious
diseases from almost all healthcare facilities in the country (17),
pulmonary tuberculosis (PTB) contributed the fourth highest
number of incident cases in 2018 (823,342 out of 7,770,749 cases,
10.6%) and the second highest number of deaths (3,149 out of
23,377 deaths, 13.5%) (18). In the short term, exposure to
famine is associated with an increased likelihood of latent PTB
progressing to active disease, an increased probability of com-
plications and deaths in active cases, and a reduced immune
response following bacille Calmette–Guérin (bacillus Calmette–
Guérin) vaccination (10). However, the long-term impacts of
famine on the burden of PTB at a population level is poorly
understood.
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The Great Chinese Famine of 1959–1961 is widely considered
the largest famine in human history in terms of total lives lost
(19). An estimated 30 million people died from starvation, and
an estimated 33 million births were lost or postponed (19). Rural
residents were affected more severely because of shortages in
grain supplies following their fulfillment of compulsory grain
procurement quotas, while urban residents’ food supplies were
secured by legal and other protections (20). This urban bias in
the food distribution system, combined with provincial differ-
ences in the rural and urban population shares, led to substantial
spatial heterogeneity in famine severity across China (21, 22).
The province of Sichuan is located in southwest China and has

a population of more than 80 million people. Sichuan remains a
high–PTB-transmission area within China (23), with an esti-
mated prevalence rate of active PTB of 598 cases per 100,000
persons (95% confidence interval [CI]: 480–717), substantially
higher than the national average of 442 (95% CI: 417–469) cases
per 100,000 persons, according to a cross-sectional survey con-
ducted in 2010 (24). Furthermore, Sichuan had the highest total
fertility loss and excess mortality of all Chinese provinces during
the Great Chinese Famine (25). As a leading producer of rice,
Sichuan transferred grain to other affected provinces while also
aggressively implementing a “communal dining” system in which
food stocks and cookware were confiscated from rural residents,
but free meals were provided (21). This led to an illusion of
abundance, resulting in overconsumption and waste of food,
followed by massive food shortages (26). As a consequence, the
famine in Sichuan was both more severe and longer in duration
than other provinces, lasting from 1958 to 1962 (21, 27). Mi-
gration during the period of the Great Chinese Famine was
sharply limited, in part because residents were only allowed ac-
cess to food supplies in the area of their household
registration—e.g., through meals at People’s communes and
commodity ration certificates for rural and urban residents,
respectively (20).
Age–period–cohort (APC) approach can attribute variation in

incidence rates across age groups and over time to three tem-
poral processes (28, 29). First, age effects represent the influence
of aging on disease risk, which may be explained by age-specific
variation in immunity, behavior, or exposure (30–32). Second,
period effects represent variation in the outcome associated with
the time period in which the data were collected, affecting all age
groups equally. These may relate to both underlying risk of the
disease and changes in surveillance in a given time period. For
example, the scale-up of Directly Observed Therapy Short-
course strategy in China in the 1990s reduced the reported
prevalence rate of PTB (33), while the shift from paper- to web-
based reporting in 2004 increased the reported incidence of PTB
in all age groups (34). Third, cohort effects represent differences
in disease risk among different birth cohorts, which may be at-
tributable to the common exposures across their life histories.
For instance, people born in 1957 in Sichuan, who first experi-
enced the Great Chinese Famine when they were 1 y old, may be
at higher risk for various health problems than those born in
1965, after controlling for effects of age and observation period.
Here, we conducted a cohort analysis of surveillance records

of more than 1 million PTB cases diagnosed between 2005 and
2018 in Sichuan Province, which experienced especially high
mortality during the Great Chinese Famine. APC models and
smoothing splines were used to estimate counterfactual PTB
incidence for the directly affected birth cohort (F1, see definition
in Materials and Methods) and their likely offspring (F2) in the
absence of famine, calculating incidence rate ratios (IRRs) and
the number of PTB cases potentially attributable to the famine
by comparing observed and estimated counterfactual incidence
during the 14-y period from 2005 to 2018 for the F1 and F2 birth
cohorts. Mixed-effects metaregression analyses were conducted
to understand whether the impact was associated with famine

intensity at the prefecture level, and the analysis was repeated on
certain sexually transmitted and blood-borne infections (STBBI)
to explore potential mechanisms of the intergenerational effects.
Assuming a low probability of sexual and/or blood contact be-
tween the F1 and F2 generations, the existence of intergenera-
tional effects for STBBI would suggest an important role of
increased host susceptibility, whereas the absence of these effects
would suggest increased contact with high-risk parents among
the F2 generation as a dominant mechanism.

Results
The severity of famine—expressed as cohort size shrinkage index
(CSSI; see details in Materials and Methods)—varied widely
across regions in the study area (Fig. 1A). Yaan, Meishan, and
Leshan prefectures in central Sichuan exhibited the highest
famine intensity; these areas had high rural populations and
experienced high compulsory grain procurement during the
famine period (21, 35). The prefectural CSSIs estimated for only
male, only female, and the whole population were highly con-
sistent (SI Appendix, Table S1).
Over the 2005–2018 study period, annual mean PTB incidence

rate was higher among men (123.4 per 100,000) than women
(54.1 per 100,000). The annual mean incidence rate was higher
in less developed, western mountainous regions, and lower in the
more affluent eastern plains regions (Fig. 1B). Across years, age-
standardized incidence rates decreased for both men (−5.6%,
95% CI: −4.7 to −6.4%) and women (−4.8%, 95% CI: −3.9
to −5.7%) (SI Appendix, Fig. S1A). This downward trend was
also observed in most age groups in both sexes (Fig. 2, along each
row). When comparing across age groups (Fig. 2, along each
column; SI Appendix, Fig. S1B), both men and women exhibited
low incidence rates in age groups under 17 y, and the highest
incidence rates were observed among both young (ages 18–32 y)
and older (ages 60–77 y) adults, although the highest-incidence
age group for men (ages 60–77) was older than that for women
(ages 18–32, Fig. 2 and SI Appendix, Fig. S1B). Gray diagonal
lines in Fig. 2 represent different birth cohorts. Both the famine
birth cohort (Fig. 2, Upper boxes; SI Appendix, Fig. S2, red lines)
and their putative offspring (Fig. 2, Lower boxes; SI Appendix,
Fig. S2, blue lines) had higher incidence rates than their adjacent
birth cohorts in both males and females.
SI Appendix, Fig. S3 presents the age-specific active PTB in-

cidence rates by year of diagnosis across prefectures. Consistent
with the province-level results, age groups 18–32 and 60–77
exhibited the highest incidence rates, except for Aba and Ganzi
prefectures, where elevated incidence rates were observed
starting at age 15. In general, prefecture-level PTB incidence
rates decreased over time, except in Liangshan and Ganzi pre-
fectures. As for the provincial-level results (Fig. 2), incidence
rates of the F1 and F2 cohorts were higher than adjacent
birth cohorts.

Age, Period, and Cohort Effects. Age, period, and cohort effect
estimates for all of Sichuan Province are shown in Fig. 3. After
adjusting for cohort and period effects, the highest risk of active
PTB occurred in ages spanning 20–30 and then decreased
gradually until age 40 (Fig. 3A). The age effect among women
plateaued after age 40, while that of men rose slightly after age
40, peaking again around age 60. The period effect (Fig. 3B)
increased in the first 3 y of the reporting period, followed by a
gradual decrease in risk for both men and women. Trends toward
decreasing risk of active PTB across progressively younger co-
horts were generally observed, with apparent interruptions co-
inciding to the birth years of the F1 and F2 cohorts (Fig. 3C).
Age, period, and cohort effects across prefectures for PTB are
presented in SI Appendix, Figs. S4–S6.
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Estimated Impact of the Great Chinese Famine on PTB in the Directly
Affected Birth Cohort. The IRRs of observed active PTB incidence
rate over the expected incidence rate in the absence of famine in
the male and female F1 cohorts were 1.20 (95% CI: 1.14–1.26)
and 1.17 (95% CI: 1.10–1.24), respectively (Fig. 4A). The num-
ber of excess active PTB cases in Sichuan potentially attributable
to the Great Chinese Famine was 3,654 (95% CI: 2,696–4,525)
and 992 (95% CI: 616–1,310) for males and females, respec-
tively; corresponding to 16.9% (95% CI: 12.5–21.0%) and 14.4%
(95% CI: 8.9–19.0%) of all male and female observed cases in
F1, respectively. Prefecture-level IRRs of observed incidence
rate to expected incidence rate in the absence of famine in F1
ranged from 0.97 (95% CI: 0.87–1.10) in Ganzi to 1.53 (95% CI:
1.28–1.81) in Ziyang (Fig. 4B). Elevated F1 IRRs for PTB across
prefectures (Fig. 4B) corresponded with higher CSSI (Fig. 1A),
with excess estimated famine-attributable incidence concen-
trated in eastern areas of the province. Metaregression analyses
revealed a positive correlation between CSSI and log F1 famine
IRR (SI Appendix, Table S2), with an interquartile range in-
crease in CSSI associated with a 6.53% (95% CI: 1.19–12.14%)

increase in the F1 famine IRR for active PTB (Fig. 4C). Meta-
regression analyses stratified by sex revealed similar positive
associations between CSSI and log F1 famine IRR (SI Appendix,
Table S2).

Intergenerational Effect of the Great Chinese Famine on Active PTB
Risk and Potential Mechanisms. Increased active PTB risk in F2 was
observed at both the province and prefecture level (SI Appendix,
Text S1). The mediation analysis suggests that the Great Chinese
Famine may have increased PTB risk in the F2 generation via its
effects on F1 (SI Appendix, Tables S3 and S4). An interquartile
range increase in CSSI was associated with an 8.32% (95% CI:
0.59–16.6%) increase in the F2 famine IRR for active PTB,
among which 5.08% (95%CI: 0.07–14.1%) was through F1.
Moreover, F2 had significant excess risks for STBBI as well, and
the risk was strongly associated with CSSI (SI Appendix, Table S5
and Text S1), which suggests that the intergenerational effect of
famine may act through mechanisms other than increased con-
tact rates with infected individuals in the F1 generation, such as
changes in disease susceptibility. Additional results for STBBI
and intergenerational effect are shown in SI Appendix, Figs.
S7–S15 and Text S1.

Discussion
Food security is a major driver of global health, and under-
nourishment in many parts of the world is often a direct conse-
quence of environmental degradation and biodiversity loss.
While unhealthy diets have long been linked to the growing in-
cidence of global noncommunicable diseases, the impact of food
system collapse on chronic, infectious disease outcomes has been
difficult to establish, leading to an underestimation of the burden
of disease attributable to food shortage and famine. We exam-
ined the long-term and potential intergenerational effects of
prenatal exposure to famine on active PTB risk in later life.
Using surveillance data on more than 1 million active PTB cases,
results of an APC analysis indicated that the cohort of individ-
uals born during the Great Chinese Famine were at higher risk of
PTB in later life (2005–2018) when compared with individuals in
adjacent birth cohorts. Our prefecture-level analysis indicated
that local famine severity was positively associated with active
PTB risk in the famine birth cohort, suggesting a mechanistic link
between famine exposure and F1 PTB risk. We found that the
Great Chinese Famine was likely to have induced an intergen-
erational effect on PTB risk, mediated through the increased risk
in the famine birth cohort. Our comparison to STBBI suggested
that the increased PTB risks for F2 are unlikely to be explained
by increased contact rates with infectious F1 individuals alone,
but may also indicate increased susceptibility to infectious dis-
ease for F2 individuals.
Our finding that prenatal famine exposure is associated with

an increase in active PTB risk in adulthood is consistent with
results from studies that have observed positive associations
between low birth weight (LBW) and TB risk. In cohort and
cotwin case-control studies, 500-g increases in birth weight were
associated with 11% and 46% decreases in TB risk, respectively
(12). Two possible mechanisms could contribute to the observed
long-term effect of the Great Chinese Famine on TB risk in the
famine-affected cohort. For one, the famine may have generated
an enlarged pool of latently infected individuals as a result of
increased rates of TB infection during the famine period. Mal-
nutrition is known to accelerate progression of latent TB to ac-
tive disease and to result in an abrupt increase in the number of
active cases in the short term, which, through transmission, can
lead to an increased burden of latent TB and subsequent in-
creases in active PTB incidence (10, 36). Alternatively, the
famine may have yielded increased and persistent susceptibility
across the life-course of affected individuals. Maternal and
postnatal malnutrition is known to change lung architecture and
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compromise immunological development, increasing morbidity
or mortality from certain infectious diseases, including TB
(12, 37).
Our findings of multigenerational impacts of the Great Chi-

nese Famine on both PTB and STBBI outcomes suggest that in

addition to increased household contact between children and
their more heavily infected parents, increases in disease sus-
ceptibility may have played an important role in the intergen-
erational effect. Several factors might contribute to increases in
susceptibility to disease in F2. For one, F1 was likely a generation
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born with LBW (38), and because a higher rate of LBW is
expected among children born to LBW mothers (39), F2 likely
experienced many of the adverse immune effects of LBW (40).
What is more, prenatal exposure to famine has been shown to
increase type 2 diabetes in the exposed generation and their
offspring; F2 may thus have experienced increased susceptibility
from the immune dysfunction associated with diabetes (40, 41).
Additionally, inherited epigenetic changes have been shown to
be affected by prenatal exposure to famine and may have con-
tributed to increased susceptibility in F2 (41). Finally, behavioral
factors, including diet, physical activity, and the awareness of
risk, may also have contributed to the intergenerational effects of
prenatal famine exposure (38, 39). Studies have found that in-
dividuals conceived during the famine were more likely to prefer
fatty foods and have less physical activity than those conceived in
the year before and after the famine, and children raised by them
were likely to have the same lifestyle, which may result in im-
munologic changes that increase risk of TB infection and pro-
gression (40, 41).
Our study is limited by the widely acknowledged challenges of

identifiability associated with APC analyses (42). However, since
only the linear trends of the age, period, and cohort effects are
nonidentifiable, our narrow focus on measuring a hypothesized
anomaly in cohort effects during the famine period and removal
of the long-term trend (including linear trend) suggest that our
results were unlikely to be affected. Another limitation was
possible misclassifications in the exposure for both the F1 and F2
cohorts. Our definition of the F2 cohort likely included some
individuals that were not born to F1 and excluded some indi-
viduals that were born to F1. This misclassification of exposure
would be expected to bias the estimates of the intergenerational
famine effect toward the null. We applied an alternative ap-
proach to defining the F2 cohort by estimating the proportion of
children born to F1 in each cohort group (SI Appendix, Fig. S16)
and found strong agreement between the two methods. Mis-
classification may also arise from the reliance on passive sur-
veillance data, which may reflect variation in healthcare-seeking
behavior, variation in disease reporting, and other factors. Given
that the underascertainment and underreporting is unlikely to be
related to the exposure status (being born during the famine),
this nondifferential misclassification would be expected to bias
results toward a null finding. Furthermore, leaving out the se-
lection effects of famine—famine survivors may be healthier

than general population—may also bias the results toward a null
finding. Although we expect that any potential confounders in
the relationship between famine intensity and PTB IRR are
controlled for in the meta-analyses because the counterfactual
population represents the observed population in all aspects
except events that occurred during the famine, it is conceivable
that a cooccurring event might have influenced both famine in-
tensity and IRR. Such an event would be expected to have minor
impacts when compared to the famine, however. Finally, APC
models can be used to infer population-level associations, but
cannot establish causality at the individual level. Future epide-
miologic studies that directly measure immune function, sus-
ceptibility to infection, and contact are needed to confirm the
findings in this study and expose potential mechanisms linking
famine to PTB and other infectious diseases.
In conclusion, we found that the famine birth cohort and their

putative offspring experienced increased risks of active PTB
during the observation period and that the respective magnitude
of these increases was associated with famine severity at the
prefecture level and PTB risk increases in the parent cohort,
respectively. Mechanisms driving the observed increase in active
PTB in the famine birth cohorts remain uncertain, but may in-
volve a deeper reservoir of latent TB infections that manifest in
disease as individuals age and their immune function weakens.
Mechanisms underlying intergenerational effects may involve
increased contact with the high-risk famine birth cohort, in-
creased susceptibility to infection (e.g., due to malnutrition), as
well as other contextual factors. Future studies are needed to
investigate this hypothesis, including those employing designs
that are capable of differentiating the impacts of prenatal and
early life famine exposure; cross-sectional surveys to distinguish
between the impact of famine on TB infection and progression;
studies examining whether famine exposure impacts TB treat-
ment initiation and success; research in settings outside of China
on the long-term impact of famine on the risk of TB; and studies
that investigate biological mechanisms underlying intergenera-
tional famine effects on PTB risk.
This work underscores how societal shocks can reverberate in

ways that impact national and global development for decades or
more. More than one out of four countries on World Health
Organization’s list of high–TB-burden countries (15) has expe-
rienced famine in the past century—including Democratic Re-
public of Congo, India, Cambodia, Ethiopia, and others (43)—with
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interactions that have yet to be explored. It is possible that
contemporary food system and other shocks, such as those in
employment, food, and nutrition during the COVID-19 pan-
demic (44), may yield analogous adverse health consequences
extending across generations. Understanding the impact of
famine on TB risk—and the underlying mechanisms driving this
relationship—will be crucial to guarding against increases in TB
and other infections in the aftermath of future humanitarian,
climate, and public health crises and to accomplishing the
Sustainable Development Goal of eliminating TB by 2035.

Materials and Methods
Disease Data. Sichuan Province is the fourth most populous province in China.
Because of its large area and heterogeneous landscape, the spatial distri-
bution of population and socioeconomic development in the province is
highly uneven. There are a total of 21 prefectures in Sichuan, with the
proportion of rural residents within each prefecture ranging from 43.4% to
87.8% in 2010 (45).

We included all clinically diagnosed and laboratory-confirmed active PTB
cases reported to NIDRS with home addresses located in Sichuan and diag-
nosed between 2005 and 2018, constructing a dataset of case counts by sex,
age at diagnosis, year of diagnosis, and residential prefecture. The data and
case definition have been described in detail elsewhere (23). Our dataset
included 1,006,702 active PTB cases, including 704,837 (70.0%) among men
and 301,865 (30.0%) among women.

To examine possible mechanisms underlying the intergenerational effect,
we compared the TB data to clinically diagnosed and laboratory-confirmed
STBBI (see details in SI Appendix, Text S2) data reported to NIDRS. All per-
sonal identifiers were removed prior to analyses, and the study was ap-
proved by the University of California, Berkeley, Committee for Protection of
Human Subjects.

Population Data. Population sizes for 2005–2018 by age and sex at province
and prefecture levels were projected based on the 2000 census data using
the cohort-component method (SI Appendix, Text S3) (35, 46). We validated
the projections using 2010 census data (47). Province-level projections were
accurate for all age groups (SI Appendix, Fig. ST3.6). Prefecture-level pro-
jections for F1 were accurate for all prefectures, while projections for F2
were less accurate for Chengdu, Guangyuan, Guang’an, and Ziyang (SI Ap-
pendix, Fig. ST3.7). These four prefectures were excluded from analyses es-
timating intergenerational effects, and sensitivity analyses were conducted
examining the effect of these exclusions.

Definition of F1 and F2. We defined F1 as the generation of individuals born
during 1958–1962, which corresponds to the famine period in Sichuan. In
keeping with the famine duration and consistent with the span of F1, we
defined F2 to also span 5 y. To define the birth year range for F2, we ex-
amined the population age structure across prefectures in 2000 to identify
age ranges where lower than expected population was apparent. Two such
ranges are evident, corresponding to people born during the famine and
their possible offspring. Within the younger range, we defined the 5-y age
window with the smallest population size as F2, allowing it to vary by pre-
fecture since typical age at reproduction may not have been the same in all
areas (SI Appendix, Table S6). At the province level, the F2 cohort was de-
fined as those born between 1979 and 1983.

Famine Intensity Measure. To account for the potential impact of variable
famine intensity on TB outcomes, we measured prefecture-level famine in-
tensity as the degree of the shrinkage in birth cohort size during the famine
using the CSSI (2, 48):

CSSI = Nnonfamine − Nfamine

Nnonfamine
,

where Nfamine is the average number of births per year during the famine
years (1958–1962) and Nnonfamine is the average number of births per year in
the 5 y before (1953–1957) and after the famine (1963–1967). The CSSI
ranges from 0 to 1, with a larger CSSI indicating a greater reduction in the
average cohort size and therefore a higher famine intensity in the prefec-
ture. We used 2000 census data to estimate CSSIs for the male, female, and
total populations (35).

Statistical Analysis.
Estimating age, period, and cohort effects. To isolate the cohort effect from age-
and period-specific effects, we fit APC models: 1) for all of Sichuan Province
and 2) for each of its 21 prefectures. We used these models to decompose
log-incidence rates as (42):

Yijk ∼ quasi-Poisson(λijkNijk)

log(λijk) = μ + αi + πj + γk , [1]

where Yijk, Nijk, and λijk denote the number of cases, population size, and
incidence rate in the ith age, jth period, and kth birth cohort, respectively.
The parameter μ represents the overall mean; αi represents the ith age ef-
fect; πj represents the jth period effect; and γk represents the kth cohort
effect. To ensure the intercept, μ, is identifiable, the parameters of APC
models must be constrained (42, 49). Here we imposed the constraint that
Σαi = Σπj = Σγk = 0. Furthermore, due to the fact that the index of one effect
is entirely determined by the indices of the other two effects—i.e., linear
dependence among the indices of the three effects (i − j + k = A, where A is
the total number of age groups)—the linear trends of these effects will also
be nonidentifiable unless an extra constraint on the parameters is specified
(29, 50). We dealt with this by using the intrinsic estimator, in which a
principal components transformation is applied to the design matrix to
decorrelate model inputs (42, 51). This approach has been widely used in
epidemiologic studies, and its theoretical justification and statistical prop-
erties are well-studied (51, 52). Finally, to account for potential over-
dispersion, we modeled the outcome as quasi-Poisson. More details are
shown in SI Appendix, Text S4.
Impact of the Great Chinese Famine on PTB risk. To estimate excess PTB risk in F1
potentially attributable to the Great Chinese Famine, we first constructed
counterfactual incidence rates by fitting a smoothing spline to all cohort
effects excluding the older age ranges with apparent lower than expected
population (F1 birth cohort). We then used the resulting model to impute a
potential F1 cohort effect in the absence of famine. Counterfactual cohort
effects for F2 were estimated in the same fashion. We next predicted the
incidence rate for the F1 birth cohort as if the famine had not occurred by Eq.
1 using the predicted cohort effect and estimated age and period effects
from the APC model. We calculated the IRR as the observed active PTB in-
cidence rate divided by the counterfactual incidence rate in the same cohort
in the absence of famine. We then estimated the total number of excess
cases attributable to the Great Chinese Famine using the difference between
the number of observed and expected cases in the absence of famine. We
also constructed posterior intervals for the F1 and F2 famine IRRs and the
number of excess cases via Monte Carlo simulation, drawing from the para-
metric distributions of the fitted models (SI Appendix, Text S4). The analysis
was conducted first for all of Sichuan Province, then for each of its prefectures.
Association of famine intensity with excess PTB risk. We conducted a mixed-
effects metaregression to evaluate associations between the famine sever-
ity and PTB risk in F1 and F2 at the prefecture level. The metaregression
model allowed us to account for measured and unmeasured sources of
heterogeneity in the impact of the famine on PTB within each prefecture
(53). For F1, we fitted linear models to examine the effects of famine in-
tensity represented by CSSI on the log of the ratio of the observed vs.
expected nonfamine incidence rates in the F1 cohort. For F2, along with the
metaregression model, mediation analysis was also conducted to examine
the intergenerational effect of the famine mediated through its impacts on
the F1 cohort. More details are shown in SI Appendix, Text S4.
Investigating mechanisms underlying intergenerational risks. To understand
whether intergenerational effects were limited to diseases in which increased
household contact with infectious individuals (e.g., increased contact of F2
with infectious individuals in F1) was likely to explain increased risks for the F2
cohort, we repeated the APC analysis and counterfactual effect estimation
for STBBI. Assuming a low probability of sexual and/or blood contact between
the F1 and F2 generations, the existence of intergenerational effects for STBBI
would suggest an important role of increased host susceptibility, whereas the
absence of these effects would suggest increased contact with high-risk
parents among the F2 generation as a dominant mechanism.

Data Availability.All data and code necessary to reproduce the findings of this
study are available at the Github repository https://github.com/qu-cheng/TB_
famine.
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