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Airborne diseases: Tuberculosis in the Union Army
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This paper examines the medical histories of a sample of 25,000 Union Army soldiers and
veterans to study the determinants of diagnosis, discharge, and mortality from tuberculosis.
We find that water and airborne diseases during the war contributed significantly to the
presence of tuberculosis. Height and a higher body mass index (BMI) are also associated with
protection against TB but these effects are not always robust. As an upper bound, we estimate
that the contribution of modern gains in height and in BMI to the mortality decline of
tuberculosis ranges from one-fourth to one-half with the rest explained by the decline in the
prevalence of water and airborne diseases, especially diarrhea, dysentery, and typhoid played.
The paper finds weaker support for alternative hypotheses that rely on occupational influences
and exogenous changes in the virulence of tuberculosis.
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1. Introduction

Tuberculosis, one of the oldest and deadliest recognized diseases in humans, had a prominent role in the secular decline in
mortality of northwestern Europe and North America. According to McKeown (1977, Table 3.1), airborne infectious diseases
contributed to 40% of the decline in death rates in England and Wales between 1851 and 1971, with tuberculosis representing
17.5% of the overall decline. The alternative decomposition in Woods (2000, Table 8.7), which attributes 35% of the decline in
death rates in England and Wales between 1861 and 1891 to tuberculosis, gives a slightly lower figure for tuberculosis, but it is
nonetheless consistent with its prominence over other individual causes of death. Between 1871 and 1951, England and Wales
gained 27 years of life expectancy at birth. Of the 27 years gained, tuberculosis represents about a 40% contribution or a 12-year
gain, (Caselli, 1991).

Perhaps not surprisingly, there have been multiple explanations proposed to account for the decline in the prevalence and
fatality of tuberculosis. Some of these explanations include improvements in diets (or their quality), innovations in public health
and living conditions, and an exogenous decline in the virulence of the pathogen responsible for the disease.1 While the previous
explanations are appealing, and each has found some empirical support, a comprehensive analysis that considers several of these
potential factors simultaneously is not available. Thus, previous analyses have focused on one or another particular explanation
but have not yet given full consideration tomultiple aspects at the same time. The goal of this paper is to shed light upon the many
determinants of adult morbidity and mortality from tuberculosis in historical populations using individual information,
socioeconomic characteristics, and military and medical records of approximately 25,000 Union Army soldiers during the
American Civil War.
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1 McKeown's (1977) famous accounting for the role of nutrition in the mortality decline attributed the entire decline in tuberculosis to changes in diets. Preston
and Van de Walle (1978) showed that sanitation improvements in cities were also an important factor in the declining trends in tuberculosis. Similarly, Mercer
(1990) has suggested that TB, as a sequel to smallpox infections, declined due to the vaccination against smallpox initiated in the eighteenth century. Separately,
Bryder (1988) argued that improvements in housing and working conditions reduced long-term exposure to infected agents and predisposition to TB. Woods and
Shelton (1997) andWoods (2000) proposed yet an additional and alternative explanation: “The simplest explanation is that the disease became less virulent and
that this was the principal reason for a reduction in the risk of the disease developing and leading to early death,” Woods (2000, 340).
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This exercise advances the literature is many ways. First, we try to isolate the role of different factors in the prevalence and
mortality from tuberculosis and relate them to some of the explanations just noted. Thus, we provide what appears to be the first
comprehensive analysis of tuberculosis in historical populations. Second, we examine individual information whereas most of the
existing literature relies on aggregate mortality statistics, (see, e.g., McKeown, 1977; Preston and Van de Walle, 1978). Individual
data allows us to control for many different influences using an econometric duration analysis. Finally, the Union Army sample is
composed of a large number of individuals brought together frommany different backgrounds. This diversity is especially useful to
identify risk factors in tuberculosis.

The central findings of the paper are the following. We find that disease experiences during the war are associated with higher
risks of developing tuberculosis. This is particularly the case for waterborne conditions such as diarrhea and typhoid, but is also
true for respiratory infections such as pneumonia and bronchitis. These effects are statistically robust across many specifications.
We also find that increases in height, a measure of long-term nutritional status, and in the body mass index BMI, a measure of
current nutritional status, are associated with a reduced risk of tuberculosis. An increase in height lowers the risk of diagnosis and
discharge but the statistical significance varies across the robustness checks. An increase in BMI lowers mortality rates even after
multiple controls for disease experiences are included and even after one controls for the diagnosis of tuberculosis. Further, gun-
shot wounds during the war are associated with higher risks of tuberculosis, but an increase in the number of battles prior to
diagnosis provided a ‘protective’ effect against the disease. (We will return to possible explanations based on selection for this
finding later on.) Occupation at enlistment had no predictive power for diagnosis or discharge, and those who enlisted in cities
with small populations (one of our proxies for disease experiences in early life) had a relatively smaller risk probably related to the
different degrees of exposure to disease prior to enlistment.

The effects just listed, even when statistically significant, only amount to a small reduction in the risk of diagnosis. To measure
the relative influence of height and disease influences in the mortality decline from tuberculosis, we estimate the change in the
risk if the average Union Army soldier had the average height of the current U.S. male population and if diarrhea or other
conditions prior to tuberculosis are fully eradicated. As just noted, the total decline in risk is small but the decomposition suggests
that about one-fourth to one-half of the predictable decline in tuberculosis can be associated to the observed increase in height
with the remaining fraction due to the elimination of the other diseases, especially diarrhea. For reasons we will describe in detail
later on, we interpret the measured contribution of these nutritional variables as an upper bound for their influence in
tuberculosis.

Separately, the large effect of water and airborne diseases in the prevalence of tuberculosis confirms the synergistic
relationship between different infectious diseases stressed by Preston and Van deWalle (1978), Fogel (1997), and Scrimshaw and
SanGiovanni (1997) among many others. The findings also suggest that explanations based on an exogenous decline in the
virulence of the infective organism that causes TB are not an exclusive factor behind the changes in tuberculosis. (Exogenous
changes in the pathogen also fail to account for the persistent infectivity of tuberculosis in less developed countries as well as the
recent recrudescence of the disease in developed countries after 1980.)

Finally, in terms of the nutrition-public health debate, our findings indicate that nutritional change should be regarded as an
important factor in the secular decline in tuberculosis mortality but that its importance is not exclusively a consequence of changes
in diets. While a separation between diets and disease is not precise or informative, the disease component of nutritional status
seems more important (or at least as important) as the “pure” dietary component.

Our findings provide important insights for the long-standing nutrition-public health debate. McKeown (1977) examined
aggregate cause-specific mortality statistics in the UK and correctly pointed out that reductions in tuberculosis mortality began
long before the tubercle bacillus was identified by Koch in 1882, and prior to any medical innovation in the treatment of
tuberculosis. He also considered improvements in living standards as the only potential explanation for such a decline. In order to
see the basis for McKeown's (1977) account, Fig. 1 presents information from a sample of countries between 1911 and 1938. The
figure reveals the decreasing trend in developed countries and the disruptions due to World War I.2 Aside from the outbreaks
experienced during bothworldwars, mortality from TB declined gradually throughmost of the twentieth century in the U.S. and in
Europe.3

The accounting provided by McKeown (1977), however, is flawed as malnutrition is the outcome of diets but also of energy
claims due to disease and physical exertion, (see, e.g., Preston and Van de Walle, 1978; Fogel, 1997). One measure that
encompasses both of these aspects is height. Height varies with socioeconomic conditions, essentially with conditions in early life,
and there is a health gradient correlated with stature, (Fogel, 1997). Since height gave some protection against TB, it would be
interesting to determine the source of the differences in height in our data. Unfortunately, the cause of the variations in nutrition at
early ages in the Union Army sample is difficult to determine. It seems that height varied mainly with differentials in
environmental conditions and somewhat less importantly with diets (see Haines et al., 2003). Still, to provide a sense of the bias in
McKeown (1977), notice that even after attributing all differences in height to differences in diets, improvements in diets cannot

2 Dubos and Dubos (1953) present evidence of increasing mortality from tuberculosis during the world wars especially for the Netherlands, Denmark, and
Belgium. Between 1913 and 1917, death rates from respiratory tuberculosis increased approximately 17% (35% for the period of 1913–1918, which includes the
influenza pandemic) in England andWales, Bryder (1988, 109). Bryder (1988, chap. 4) also documents the adverse effects of inadequate nutrition during the war
and its associated recessions in Great Britain, Germany, and Denmark.

3 Fig. 1 also indicates that mortality rates in the U.S. and Japan remained relatively unaffected by the war, compared to Italy, and England and Wales. Death
rates in Japan were higher than in New Zealand, the U.S., and European countries, but the highest death rates were observed in Chile, the least developed country
in the sample. Chile's tuberculosis mortality rates were trendless and only started to decline after World War II (Lowell, 1969).
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be considered responsible for more than one-fourth to one-half of the decline in tuberculosis. In this sense, the findings presented
here provide an upper bound for the influence of “pure” improvements in nutritional status.

Studying tuberculosis prior to the advances of modern medicine helps avoid many of the difficulties associated with the
treatment of therapies against the disease but faces other statistical problems such as measurement errors and selection biases.
Wewill discuss these concerns in detail later on using evidence from the medical histories during the war and different samples in
the population. For example, notice that the extent of tuberculosis diagnosis depended on the conditions of thewar because a large
requirement of soldiers lowered the probability of seeking a doctor and hence of being diagnosed. The selective nature of diagnosis
helps explain why battles provided a protective effect as they reduced the probability of being examined by a doctor and hence of
being diagnosed. In addition to diagnosis, we study discharge patterns due to tuberculosis. But, unfortunately, there is no effective
measure to deal with the fact that diagnosis of tuberculosis (and of other diseases) was more likely to occur in unhealthy
individuals. In other words, seeking medical assistance for soldiers was not an exogenous event.

To mitigate the influence of non-random selection into diagnosis, we examine tuberculosis mortality for a sample of veterans
who received pensions after 1890. After 1890, measurement problems are mitigated as tuberculin tests became available in 1892.
Further, pensions were granted on the grounds of service in the Union Army and not by wounds received during the war, as it had
been the case before 1890. As the pensions awarded were non-trivial economic amounts, the liberalization in the conditions
needed for pensions serves to identify the effect of health conditions on mortality from tuberculosis in a sample of Civil War
veterans who will seek doctors not because their health deteriorated drastically (as is arguably the case during the war), but
because of the promise of a pension. In our analysis of mortality, the effect of height is negative but not statistically different from
zero but the veteran's initial BMI is statistically as well as economically significant.

There are many related literatures, some of which were mentioned before. One particular strand of the literature, (see, e.g.,
Preston and Van de Walle, 1978), has emphasized the synergistic nature of diseases in tuberculosis mortality. They have shown
that a decline in waterborne diseases due to improvements in public sanitation lowered TB mortality. We provide further support
to this literature but our analysis does not rely on aggregate mortality statistics which are the sources employed by Preston and
Van de Walle (1978). In addition, the paper complements studies that estimate the effect of disease exposure and socioeconomic
factors in wartime, mid-life, and old age mortality in the US using individual data. For example, according to Costa (2003),
infectious respiratory diseases contractedwhile in the Union Armywere particularly harmful for old agemortality. Lee (1997) also
identified important socioeconomic factors in the disease andmortality experience of Union Army recruits. In both cases, as well as
in most available studies, aggregate conditions such as infectious vs. non-infectious diseases or diseases sensitive to nutrition vs.
diseases not sensitive to nutrition are considered without a detailed analysis of specific conditions. Our analysis of tuberculosis
constitutes an initial attempt to isolate specific disease mortality in historical populations.4

The rest of the paper proceeds as follows: Section 2 provides some background on the epidemiology and history of tuberculosis.
Section 3 describes the Union Army data and some of the variables used to test the proposed explanations. Section 4 presents the
main results of the paper. We conduct the analysis in terms of the number of days free from tuberculosis through competing risk
models and proportional hazards. The analysis of tuberculosis mortality is carried out in Section 5.We compute the contribution of
different factors in the mortality decline in Section 6. Section 7 concludes the paper.

4 The paper also highlights the importance of conditions in early-life for health and mortality at later ages stressed by Barker (1994). For a summary (see Elo
and Preston, 1992). In historical research, the role of early-life has been stressed by Fogel (1997), Bengtsson and Lindström (2000), among many others.
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Fig. 1. Mortality rates from tuberculosis (per 100,000), selected countries.
Data from Wolff (1940).
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2. Epidemiology, history, and some hypotheses

Tuberculosis is a chronic infectious disease most commonly associated with the lungs. TB can affect almost any tissue or organ,
but pulmonary tuberculosis represents between 80 and 90% of all known cases, a disease that is relatively easy to diagnose in its
lethal stages.5 Infected individuals develop a latent or persistent infection that can remain viable throughout their host lives until
resistance fails, whereupon the disease activates (see Comstock and Cauthen, 1993; Johnson, 1993 for summaries of TB's etiology
and epidemiology).

Activation of the disease depends on host factors such as age and nutritional status. Infancy, puberty, and old age are periods of
low resistance and high susceptibility to tuberculosis (Comstock et al., 1974; Dutt and Stead, 1999; Meyer, 1949). In addition,
nutrition plays a key role in TB etiology according to epidemiological and laboratory evidence (see, for example Chandra, 1996;
Raloff, 1996). People with good diets are less susceptible to the disease than individuals who suffer from malnutrition or those
with a poor diet.6

As progression into active tuberculosis varies with nutritional status, disease loads have a synergistic effect on tuberculosis
mortality. The presence of typhoid fever, for example, increases the risk of tuberculosis, Ferrie and Troesken (2005).7 Income and
socioeconomic measures also affect progression rates to active TB (Felton and Ford, 1993; Hawker et al., 1999).8 Waaler (1984)
studied the relationship between height, weight, and body mass index (BMI) and a range of different causes of death. For
tuberculosis, he found that adult height was inversely related to the risk of mortality. According to Tverdal (1988), the incidence of
pulmonary tuberculosis is also greater at lower BMI levels.

Environmental factors such as crowding at home and at the workplace, occupation, childhood diseases, and pathogenic loads
can also trigger the acquisition and activation of tuberculosis. Occupation and working conditions also tend to affect the outcome
of the disease; workers in “dusty trades” inhale particulatematter that inflames the lungs and increases their risk of developing the
disease. The physical exertion and stress of exhausting activities also magnify the risk of developing tuberculosis, as does smoking.
Stress factors that lead to decreased immune function also contribute to the development of tuberculosis (see Johnson, 1993).

In terms of historical trends, because of overcrowding, poor living conditions, and increased exposure, tuberculosis was more
common in cities than in rural areas during the late eighteenth century. The mortality rate in cities was higher than at national

5 As Olmstead and Rhode (2004, 735) note, there are many strains of tuberculosis, but with the exception of bovine tuberculosis, “they were of relatively minor
significance to human health.” Olmstead and Rhode (2004) also note that the precise fraction of bovine cases is unknown, but “it is probable that 10% or more of
these TB sufferers had contracted the bovine form of the disease.” We are unable to differentiate between the many forms of the disease in our analysis.

6 Protein deficiency is particularly dangerous, especially the lack of animal proteins. In fact, as Comstock and Cauthen (1993) note, a benefit of being
overweight is the association with protection against tuberculosis. Puranen (1991) presents a summary of the relationship between nutrition and tuberculosis.
Chandra (1996, 14304) discusses in detail the mechanisms responsible for the effect of protein on tuberculosis using laboratory evidence from young adult mice.

7 The complementarity effects are present for other airborne and waterborne diseases. They are perhaps better illustrated in the urban mortality transition
(see Preston and Van de Walle, 1978; Ferrie and Troesken, 2005). Disease loads also have selective effects in tuberculosis mortality. Noymer and Garenne (2004)
argue that the 1918 influenza pandemic generated excessively high mortality rates from tuberculosis in 1918 and hence lowered the transmission of the disease
in subsequent years (as the pandemic reduced exposure to tuberculosis).

8 The resurgence of tuberculosis in Britain after 1980 also correlates with poverty rates and socioeconomic factors, (see Bhatti et al., 1995; Mangtani et al.,
1995; Raviglione et al., 1995; Spence et al., 1993; Tocque et al., 2001). Additional studies about the effect of socioeconomic conditions on tuberculosis are listed in
Lowell (1969, chap. 5).
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Fig. 2. Case–fatality rates (per 100 cases) from tuberculosis between 1915 and 1935. Information for New York, New York State, and Massachusetts is from
pulmonary cases. Data for Chicago, Philadelphia, and New Jersey is for all forms of tuberculosis. The year 1918 represents the year of the influenza pandemic.
Data based on Drolet (1938).
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levels and, on average, tended to be near 7–10 deaths per thousand. In 1850, tuberculosis mortality rates in the principal U.S. cities
were above 5 deaths per thousand (see Grigg, 1958; Ferrie, 2001).

In the U.S., mortality from tuberculosis began to decline in the mid-nineteenth century, Sagan (1987, Fig. 2.1). Death rates
declined mainly due to changes in the fraction of people acquiring or developing the infection and not due to changes in the case
fatality of tuberculosis.9 As Drolet (1938) showed, case fatality ratios for tuberculosis, for almost all ages, varied very little over
time in American cities before 1938 even though the incidence of the disease declined 50% (Fig. 2). Sweden shared a similar
decline in prevalence and a somewhat constant case fatality ratio (Puranen, 1991). Aside from the outbreaks during both world
wars (seeWolff, 1940; Dubos and Dubos, 1953), mortality from TB declined gradually throughoutmost of the twentieth century in
northwestern Europe and North America.

As we noted in the introduction, the literature has proposed many hypotheses for the decline in tuberculosis mortality.10 For
convenience, in order to examine the contribution of different aspects to the mortality decline from TB, we have grouped the
factors proposed to explain the decline into the following non-exclusive five categories:

A) Variables that reflect nutritional status and host susceptibility to tuberculosis such as height, weight, BMI, and age.
B) Disease experience and energy claims that decreased immune function.
C) Physical stress and energy-demanding activities.
D) Living conditions and the disease environment in early life.
E) Occupational characteristics that affect exposure to harmful dust, fumes, and other risks.

The above categories cannot be treated as independent because all five are related to the nutritional status or the health capital
stock. Since health is an outcomemeasure, the decomposition is useful, not because it gives causal relationships between different
factors, but because it suggests which inputs had a larger effect on health production. Separately, the variables listed reflect
different aspects of the production of health and influences that do not necessarily overlap.

Variables in A are indicators of early life conditions (i.e., height) or contemporary nutritional status (i.e., weight and BMI) while
variables in B reflect the exposure to contemporaneous diseases. Final height reflects disease experience, living conditions, and
stress during the growing years (including the fetal period), so disease exposure in adulthood cannot affect final height (other
indirect influences might still exist).11 Variables in C also represent a reduction in energy available, but the claims are taken for
aspects other that disease loads. Environmental factors and living conditions, in D and E, represent influences that could in part be
responsible for changes in final height but also changes in susceptibility, exposure, and predisposition to the disease. In the past,
the high prevalence of tuberculosis in certain occupations has been documented for cases such as miners and textile workers, see
Lowell (1969, 87–93) and Ferrie, (2001, 16–17).

3. Union Army data

The data employed in the paper are drawn from the Military Service Records of the Early Indicators Project described in Fogel
(2000). The primary sample consists of 35,747 white males mustered into the Union Army during the Civil War. Available
information on military, socioeconomic, and medical variables for these men is derived from several sources throughout their

9 In Massachusetts, mortality from pulmonary tuberculosis declined from 4 deaths per thousand in 1857 to less than 1 at around 1920, while in the U.S.
tuberculosis death rates fell by 77% from 1900 to 1935 Sagan (1987, 28).
10 While several therapies were attempted against tuberculosis, no effective treatment was available before 1950. Bryder (1988) studied several measures
against TB. As the Medical History of the Civil War (United States Army Surgeon General's Office, 1990), VI, 828) indicates, the method of treatment for
tuberculosis involved the administration of cod-liver oil, tonics, and stimulants, with extra or generous diet and warm clothing. At night, doctors used opiates to
relieve restlessness and coughing.
11 Height, however, could still lower the exposure to airborne diseases other than TB or to waterborne diseases in general; such an effect could affect
tuberculosis indirectly by lowering disease loads. In that sense, the decomposition measures the total predictive effect of height on the prevalence of tuberculosis
and not its causal effect on tuberculosis.

Table 1
Descriptive statistics for TB occurrence.

Mean Standard deviation Observations

A. Rates (×1000)
Diagnosis of TB 20.19 140.56 509
Discharge due to TB 10.75 103.12 271
Unfit due to TB 17.13 129.78 432
Death from TB (during war) 0.87 295.29 22
Death from TB (all years) 31.77 175.45 801

B. Number of days
Before diagnosis of TB 395.64 330.06 458
Before discharge due to TB 408.96 403.04 270
Unfit for service 61.62 25.81 300

The number of observations is 25,208.
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lifetimes. The “Military, Pension, and Medical Records,” which is the largest data set in the EI project, is derived from military-
related documents housed in the National Archives in Washington, D.C.

There are four main sets of variables in which we can identify whether tuberculosis was ever diagnosed and reported for any
recruit from the beginning of the war onwards. They are: i) if the recruit was ever hospitalized due to tuberculosis, ii) if the recruit
was ever discharged from duty due to tuberculosis, iii) if the recruit was ever considered unfit for duty due to tuberculosis, and
iv) if the cause of death was associated with tuberculosis.

Table 1 describes the information available for the previous four cases.12 The total number of observations is nearly 25,000with
2% of the recruits diagnosed with tuberculosis and 1% discharged due to the disease (similar rates were characteristic of mortality
in nineteenth-century populations). The fraction of recruits unfit for service is 1.7%, and deaths from TB occur in less than 1% of the
cases. Based on estimates of case fatality rates described in Fig. 2, say 50%, a mortality rate consistent with the discharge of
tuberculosis should be around 5 per thousand (near the level ofmortality duringWorldWar I in Austria in Fig. 1 and in nineteenth-
century cities). Deaths from tuberculosis were uncommon during the war because regiments were relieved of their recruits by
discharge and not by death. A mortality rate of 0.8 per thousand in Table 1 is well below mortality rates from tuberculosis at the
time of the Civil War so an analysis of mortality would produce unreliable estimates (to studymortality from tuberculosis, we will
consider medical histories of army veterans after 1890). Mortality, however, increased substantially as the recruits aged, causing
3% of all deaths in the sample.

From Table 1 it is important to notice that, on average, discharge and diagnosis took place after a year in service and that the
cases reported extend well over three years. The importance of the previous statistic relies on the fact that the length of time

12 A total of 13,499 cases of tuberculosis were reported among the white troops in the Union Army. Of all instances, 5286 cases terminated in deaths (a case
fatality rate of 39%, well in line with Fig. 2). Annual rates correspond to 6.1 and 2.2, respectively, seeMedical History of the Civil War (United States Army Surgeon
General's Office, 1990) (VI, pp. 818). Discharges due to tuberculosis were 12,190, so “at least 12,190+5286=17,476 cases of consumption that may be accepted
as truly resulting from the exposures, fatigues and privations of the war.”

Table 2
Descriptive statistics.

Mean Standard deviation

A. Nutritional status and susceptibility
Height (in meters) 1.71 0.07
Weight after 1875 (in kg) (Obs.=14,531) 67.91 9.80
Age at enlistment 25.71 7.81
Enlistment year 1862.58 1.47
Log of property wealth in 1860 (Obs.=4,866) 6.07 1.14

B. Disease experience during war (×100)
Diarrhea and dysentery 26.57 44.17
Fever 21.06 40.77
Malaria 2.86 16.67
Measles 3.48 18.34
Typhoid 4.95 21.69
Pneumonia 3.75 19.05
Bronchitis 4.61 20.98
Influenza 0.52 7.24
Pleuritis 1.01 10.01

C. War-related variables (×100)
Gun-shot wound (GSW) 15.76 36.44
Number of battles 58.68 129.26
POW 8.34 27.65

D. Population size at enlistment (×100)
b2500 88.01 32.49
2500–25,000 7.41 26.19
25,000–50,000 0.78 8.78
≥50,000 3.80 19.14
Infectious disease mortality in 1850 (×100) (Obs.=4748) 37.78 19.78

E. Occupation at enlistment (×100)
Farmer 51.55 49.97
Professional 8.59 28.03
Laborer 19.76 39.82
Artisan in

“Dusty” trades 3.72 18.94
Other 16.19 36.84

The number of observations is 25,208. Infectious disease mortality is the fraction of infectious diseases to overall deaths in the county of enlistment in 1850.
“Dusty” trades include painters, brickmasons, bricklayers, blacksmiths, miners, and coal workers.
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before diagnosis is sufficient for the presence of severe cases of the disease. In contrast to the analysis of soldiers unfit for service,
which took place nearly two months after enlistment, diagnosis and discharge provide enough time for tuberculosis to develop
while in the army.13 Tominimize the risk of considering cases of tuberculosis not related to the war experience, we will study only
diagnosis and discharge.

Table 2 includes descriptive statistics for the variables used in the regressions divided into the five categories listed above. In
the sample, height was on average of 1.71 m, and age at enlistment was 25 years. Weight, and hence BMI, are available only after
1875 so we will use it to study the mortality of veterans. Personal property wealth was obtained from linkages to the 1860 Federal
Census for a smaller sample. The main occupation was farming, and more than 85% of the population enlisted from towns with
populations of less than 2500 inhabitants. Recruits fought on average 0.6 battles, and 8%were POWs. Infectious diseases during the
war were highly prevalent. More than 25% of the soldiers experienced at least one episode of diarrhea, more than 20% experienced
fevers, and nearly 10% experienced a respiratory infection.

4. Empirical framework and results

Our empirical framework uses a competing risk hazard model for the number of days free from tuberculosis treating
individuals who died or were discharged due to a cause other than TB as censored. Tuberculosis can remain inactive in an
asymptomatic patient so we assume that cases of tuberculosis in our sample correspond to activation of the disease. Recruits may

13 As the Medical History of the Civil War United States Army Surgeon General's Office (1990, VI, pp. 818) notes: “[The] number of cases includes an unknown
but certainly large percentage of individuals whose consumptive tendencies were so marked at the period of enlistment that they should not have been received
into the service. On reaching their regiments from the recruiting depots [,] their names were placed on the sick report by the regimental medical officers, and
proceedings were instituted to effect their discharge.”

Table 3
Cox proportional hazard model for diagnosis and discharge from TB.

Diagnosis Discharge

Hazard ratio S. e. Hazard ratio S. e.

A. Nutritional status and susceptibility
Complete height (in meters) 0.860 ⁎⁎ 0.064 0.666 ⁎⁎ 0.081
Age at enlistment 1.028 ⁎⁎⁎ 0.006 1.042 ⁎⁎ 0.007
Enlistment year 0.915 ⁎⁎ 0.042 0.858 ⁎⁎ 0.041

B. Infectious disease experience
Diarrhea and dysentery 8.175 ⁎⁎⁎ 0.195 7.286 ⁎⁎⁎ 0.295
Fever 4.450 ⁎⁎⁎ 0.224 3.675 ⁎⁎⁎ 0.316
Malaria 0.843 0.410 0.794 0.601
Measles 7.536 ⁎⁎⁎ 0.330 5.373 ⁎⁎⁎ 0.474
Typhoid 9.938 ⁎⁎⁎ 0.235 7.680 ⁎⁎⁎ 0.304
Pneumonia 11.684 ⁎⁎⁎ 0.225 8.374 ⁎⁎⁎ 0.314
Bronchitis 1.645 ⁎⁎ 0.246 1.485 0.383
Influenza 4.308 1.064 10.909 ⁎⁎ 1.137
Pleuritis 16.149 ⁎⁎ 0.450 9.408 ⁎⁎⁎ 0.609

C. Stress and war-related variables
Gun-shot wound (GSW) 6.804 ⁎⁎⁎ 0.299 1.687 0.511
Number of battles 0.738 ⁎⁎⁎ 0.054 0.576 ⁎⁎⁎ 0.098
POW 0.768 0.194 0.664 0.275

D. Population at enlistment (≥50,000 omitted)
b2500 1.263 0.282 1.190 0.391
2500–25,000 1.082 0.322 1.725 0.425
25,000–50,000 2.868 ⁎⁎ 0.468 0.609 1.072

E. Occupation at enlistment (laborer omitted)
Farmer 1.038 0.140 1.296 0.194
Professional 1.288 0.203 1.131 0.293
Artisan 0.957 0.168 1.005 0.233
χ2 for likelihood ratio 846.91 426.65
Observations (events) 18,504 (456) 18,504 (269)
Proportional hazards assumption 1.55 0.50

Days free from diagnosis and discharge due to TB aremeasured from enlistment. S. e. represents standard errors. Individuals who died of or were discharged due to
a cause of death other than TB are treated as censored. The first instance of tuberculosis diagnosis and discharge is an event. Completed height controls for
individuals aged below 25 and above 45. Disease experience, battles, and gun-shot wounds are time-varying. The proportional hazards assumption is tested by
testing the slope on the generalized Schoenfeld residuals as a function of time.

⁎⁎ The coefficient is significantly different from 1 at the 5% level.
⁎⁎⁎ The coefficient is significantly different from 1 at the 1% level.
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have been observationally at risk prior to enlistment but the information for the Union Army does not allow one to consider amore
precise measure of days free from tuberculosis. Wewill consider explicit controls for the acquisition of tuberculosis in our analysis
of mortality in Section 5. The empirical results are based on a Cox proportional hazard model:

h t jxβð Þ = h0 tð Þexp xAβA + xBβB + xCβC + xDβD + xEβEf g; ð1Þ

where h0(t) is the baseline hazard, x is a vector of observed variables from the five categories mentioned above, and β is a vector of
associated coefficients (or risk scores). The hazard rate h(t|xβ) is an exponential function of the covariate vector x so the logarithm
of the baseline hazard h0(t) can be considered as a constant (not explicitly described). The effect of a one-unit change in a
covariate, say xA, affects the logarithm of the hazard by βA, so the estimated effect on the hazard itself is exp{βA}, which
corresponds to the reported hazard rate. If the reported hazard rates equal to 1, that implies a coefficient of zero (as ln{1}=0)
while a hazard below 1 represents a negative coefficient or a reduced risk. Covariates with hazard rates above 1 indicate an
increased risk.

We study the length of time between enlistment and the diagnosis and discharge date. It is very likely that the presence of
tuberculosis was associated with higher risks of developing additional conditions so controls must take into account the timing of
the disease in order to make the claims precise. To resolve causal ordering, we consider the prevalence of the different diseases in
category B, the number of battles, and gun-shot wounds (GSW) while in the army as time-varying covariates. That is, we consider
the presence of the condition before tuberculosis diagnosis or discharge. Obviously, the fact that we consider conditions before the
presence of tuberculosis does not eliminate a “third factor” that may influence tuberculosis and other diseases. We present some
remarks on this concern later on in this section.

Table 3 presents the results for TB diagnosis and discharge. In both cases, we cannot reject the hypothesis that all coefficients
are jointly statistically different from 1. This suggests that the factors that are proposed help explain the prevalence of tuberculosis.

Table 4
Cox proportional hazard model for the diagnosis of tuberculosis.

Hazard ratio S. e. Hazard ratio S. e. Hazard ratio S. e. Hazard ratio S. e.

A. Nutritional status
Log (property wealth, 1860) 1.014 0.098 – – – – – –

Share of inf. disease mortality, 1850 – – 1.328 0.58 – – – –

Log of total inf. deaths, 1850 – – – – 1.055 0.070 – –

Complete height 0.611 0.197 0.860 0.132 0.859 0.136 0.826 ⁎⁎ 0.077
Age at enlistment 1.073 ⁎⁎ 0.028 1.030 ⁎⁎ 0.013 1.031 ⁎⁎ 0.013 1.025 ⁎⁎ 0.007
Enlistment year 0.766 ⁎⁎ 0.109 0.844 ⁎⁎ 0.053 0.840 ⁎⁎ 0.052 0.867 ⁎⁎ 0.042

B. Infectious disease experience
Diarrhea and dysentery 18.965 ⁎⁎⁎ 0.577 4.245 ⁎⁎ 0.736 4.393 ⁎⁎ 0.737 9.917 ⁎⁎⁎ 0.262
Fever 19.194 ⁎⁎⁎ 0.848 10.461 ⁎⁎⁎ 0.741 10.332 ⁎⁎⁎ 0.740 3.426 ⁎⁎⁎ 0.291
Malaria 0.033 ⁎⁎⁎ 1.265 2.940 0.809 2.878 0.811 0.713 0.499
Measles 2.572 0.834 20.769 ⁎⁎⁎ 0.738 20.875 ⁎⁎⁎ 0.735 3.365 ⁎⁎⁎ 0.444
Typhoid 18.387 ⁎⁎⁎ 0.522 21.844 ⁎⁎⁎ 0.663 21.701 ⁎⁎⁎ 0.599 13.105 ⁎⁎⁎ 0.241
Pneumonia 74.350 ⁎⁎⁎ 0.446 8.478 ⁎⁎⁎ 0.686 8.424 ⁎⁎⁎ 0.683 11.625 ⁎⁎⁎ 0.264
Bronchitis 0.384 1.269 0.853 0.822 0.836 0.816 3.295 ⁎⁎⁎ 0.319
Influenza 4.244 1.718 – – – – – –

Pleuritis 16.154 ⁎⁎⁎ 1.053 76.353 ⁎⁎⁎ 1.028 80.289 ⁎⁎⁎ 1.027 7.934 ⁎⁎⁎ 0.563

C. War-related variables
Gun-shot wound 1.190 1.250 141.779 ⁎⁎⁎ 0.677 143.873 ⁎⁎⁎ 0.673 – –

Number of battles 0.735 ⁎⁎⁎ 0.132 0.541 ⁎⁎⁎ 0.157 0.544 ⁎⁎⁎ 0.158 – –

POW 0.434 0.520 0.592 0.519 0.575 0.521 – –

D. Population at enlistment (≥50,000 omitted)
b2500 3.291 1.029 – – – – 1.145 0.365
2500–25,000 3.092 1.099 0.818 0.56 0.825 0.560 1.259 0.411
25,000–50,000 – – – – – – 2.330 0.615

E. Occupation at enlistment (laborer omitted)
Farmer 0.828 0.328 1.047 0.339 1.089 0.344 1.284 0.182
Professional 0.683 0.549 1.387 0.516 1.400 0.515 1.614 ⁎⁎⁎ 0.254
Artisan 0.893 0.422 1.506 0.390 1.498 0.390 1.132 0.214
χ2 for likelihood ratio 202.72 204.73 205.07 522.69
Observations (events) 4098 (100) 3801 (97) 3801 (97) 11,685 (313)
Proportional hazards 6.49 ⁎⁎ 0.84 0.84 1.02

Property wealth from the 1860 Federal Census. Share of inf. disease mortality is the fraction of infectious diseases to overall deaths in the county of enlistment in
1850. Log of total inf. deaths is the log of the total number of deaths from infectious diseases in the county of enlistment in 1850. Additional definitions as in Table 3.

⁎⁎ The coefficient is significantly different from 1 at the 5% level.
⁎⁎⁎ The coefficient is significantly different from 1 at the 1% level.
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We test the proportionality assumption using a generalized test on the slope of the Schoenfeld residuals, see Lawless (2003, 363).
In Table 3, the hypothesis of proportional hazards cannot be rejected.

With the exception of occupational measures, variables in all categories have a predictive power for the diagnosis of and
discharge due to tuberculosis while in the army. Our findings for height indicate that taller recruits were less likely to develop
tuberculosis during the war and to be discharged for that condition. Height is statistically significant for diagnosis and discharge
even after controlling for initial exposure to diseases through population size at enlistment. We will provide additional remarks
about the role of early life conditions later on. An increase in 1 cm in height reduced the hazard of diagnosis by about 0.15% and the
hazard of discharge by about 0.35%. That is, since the hazard for height in Table 3 is 0.86, its coefficient is ln{0.86}=−0.15, so an
increase in 1 cm in height reduces the exponential of hazard by −0.15×0.01; a 0.15% reduction.

Older recruits were more likely to develop TB as well as recruits who enlisted later in the war.14 Physical symptoms of
tuberculosis include fever, sweating at night, coughing and difficult breathing, spitting up blood, and loss of weight. However,
none of these symptoms is peculiar to TB; continued ill-health was probably the most constant symptom. Due to the symptoms, it
is not surprising to find fever as a significant predictor of diagnosis and discharge. Respiratory diseases also increase susceptibility
to the infection. Pneumonia, measles, and pleuritis were significant predictors of TB diagnosis and discharge and were associated
with higher risks of tuberculosis. Influenzawas a predictor of TB discharge but had no important effect on diagnosis, and bronchitis
was a predictor of diagnosis but had no effect on discharge. Recruits suffering from pleuritis and pneumonia were several times
more likely to later be diagnosed and discharged due to tuberculosis.

14 It is possible that a less strict rejection policy was implemented later in the war. The fact that in 1863 recruitment had to rely on a draft seems to suggest this
as a possibility. The Provost Marshall General (United States Provost Marshall General (1875, Vol. 2, 638–767)) includes reports on rejection rates by states on
the grounds of tuberculosis. Of 305,608 people examined and rejected, 3.272% were rejected due to tuberculosis. The highest fraction of rejections was observed
in Maryland (nearly 15%), and California had the lowest rejection rate due to TB (0.4%). The results obtained in Table 3 remain unaffected once state rejection
rates due to tuberculosis are included, but unfortunately, as we mentioned above, rejection rates vary only between states and not over time.

Table 5
Cox proportional hazard model for discharge of tuberculosis.

Hazard ratio S. e. Hazard ratio S. e. Hazard ratio S. e. Hazard ratio S. e.

A. Nutritional status
Log (property wealth, 1860) 0.946 0.126 – – – – – –

Share of inf. disease mortality, 1850 – – 2.175 0.893 – – – –

Log of total inf. deaths, 1850 – – – – 0.835 0.106 – –

Complete height 0.428 ⁎⁎ 0.228 0.395 ⁎⁎ 0.234 0.410 ⁎⁎ 0.231 0.613 ⁎⁎⁎ 0.094
Age at enlistment 1.21 ⁎⁎⁎ 0.024 1.027 0.018 1.023 0.018 1.043 ⁎⁎⁎ 0.007
Enlistment year 0.650 ⁎⁎⁎ 0.149 0.791 ⁎⁎⁎ 0.069 0.779 ⁎⁎⁎ 0.073 0.850 ⁎⁎⁎ 0.041

B. Infectious disease experience
Diarrhea and dysentery 5.856 ⁎⁎ 1.102 0.267 1.333 0.3205 1.352 6.439 ⁎⁎⁎ 0.359
Fever 144.370 ⁎⁎⁎ 0.576 24.964 ⁎⁎⁎ 1.147 31.411 ⁎⁎⁎ 1.153 3.911 ⁎⁎⁎ 0.382
Malaria 164.512 ⁎⁎⁎ 1.741 26.736 ⁎⁎ 1.461 28.265 ⁎⁎ 1.454 0.612 0.795
Measles 6.036 ⁎⁎ 0.905 54.481 ⁎⁎⁎ 0.848 67.564 ⁎⁎⁎ 0.850 4.528 ⁎⁎⁎ 0.555
Typhoid 0.285 1.335 32.901 ⁎⁎⁎ 0.665 42.281 ⁎⁎⁎ 0.674 6.941 ⁎⁎⁎ 0.348
Pneumonia 30.226 ⁎⁎⁎ 0.626 1.361 1.682 1.464 1.648 9.458 ⁎⁎⁎ 0.350
Bronchitis 5.920 0.919 1.164 0.982 1.036 0.976 1.686 0.494
Influenza 1.447 1.483 – – – – – –

Pleuritis 5.846 1.295 94.927 ⁎⁎ 1.047 99.972 ⁎⁎⁎ 1.045 9.230 ⁎⁎ 0.683

C. War-related variables
Gun-shot wound 0.004 ⁎⁎⁎ 1.783 – – – – – –

Number of battles 0.418 ⁎⁎⁎ 0.271 0.392 ⁎⁎⁎ 0.294 0.374 0.293 – –

POW 0.370 0.736 0.649 0.740 0.685 0.743 – –

D. Population at enlistment (≥50,000 omitted)
b2500 1.713 1.052 1.764 1.040 1.047 1.045 1.186 0.458
2500–25,000 3.973 1.097 3.251 1.182 2.130 1.185 1.678 0.501
25,000–50,000 – – 5.654 1.439 3.909 1.437 0.794 1.099

E. Occupation at enlistment (laborer omitted)
Farmer 1.962 0.533 0.958 0.505 0.843 0.509 1.173 0.222
Professional 0.973 0.743 0.419 1.102 0.424 1.102 1.353 0.315
Artisan 1.341 0.633 1.665 0.564 1.739 0.565 0.985 0.265
χ2 for likelihood ratio 176.68 119.18 121.22 3578.17
Observations (events) 4103 (68) 3798 (46) 3798 (46) 11,688 (206)
Proportional hazards 6.70 ⁎⁎⁎ 0.82 0.86 0.27

Property wealth from the 1860 Federal Census. Share of inf. disease mortality is the fraction of infectious diseases to overall deaths in the county of enlistment in
1850. Log of total inf. deaths is the log of the total number of deaths from infectious diseases in the county of enlistment in 1850. Additional definitions as in Table 3.

⁎⁎ The coefficient is significantly different from 1 at the 5% level.
⁎⁎⁎ The coefficient is significantly different from 1 at the 1% level.
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There was no additional risk associated with being a POW, and soldiers suffering from gun-shot wounds were more likely to be
diagnosed with tuberculosis. Instead of additional risks, participation in battles represented a reduction in the risks for diagnosis
and discharge. The number of battles depended in general upon the year and place of enlistment, which have already been entered
as controls in the estimation, so other mechanisms must account for the “protective” effect of war battles. We discuss this effect
later on separately. Finally, dummy variables for the size of the city at enlistment in 1860 are only statistically larger than one for
TB diagnosis for recruits who enlisted in cities with populations between 25,000 and 50,000.

In Tables 4 and 5 we consider alternative specifications that examine the robustness of the results. Later on, we will provide
some remarks about sample selection, measurement issues, and the influence of early-life conditions. Tables 4 and 5 include
property wealth for soldiers with linkages to the 1860 Federal Census. These tables also report estimates that control for the share
of infectious disease mortality on overall deaths per county of enlistment and for the (logarithm of) total number of deaths from
infections (and not its share) for soldiers linked to the 1850 Federal Census. The previous variables examine the relative and
absolute importance of disease environments early on. That is, since the average age at enlistment was 25, infectious disease
mortality in 1850 affected most soldiers at age 15.

Including wealth and infectious disease mortality drastically reduce the sample size and the number of events since there are
only limited linkages to the censuses. Overall, some of the previous results are maintained, although statistical significance is often
lost due to the reduced sample size. In the case of diagnosis, wealth has no influence on the disease outcomes whereas the share
and log of disease mortality have a positive but insignificant effect. The estimated hazard coefficient for height is lower than in the
previous tables but it is more imprecisely estimated. The influence of age at enlistment and enlistment year is maintained. In the
analysis of discharge, wealth has a protective effect and the share of infectious diseases has a negative effect. In both cases,
however, the results lack statistical significance. The estimated hazard for height in discharge is maintained. As before, recruits
who enlisted later in the war were also more likely to suffer from tuberculosis and occupation and place of enlistment had little

Table 6
Cox proportional hazard model for discharge of tuberculosis.

Hazard ratio S. e. Hazard ratio S. e. Hazard ratio S. e. Hazard ratio S. e.

A. Nutritional status
Height2 3.021 ⁎⁎ 0.289 – – – – – –

Age×height – – 1.109 ⁎⁎ 0.033 – – – –

Rejection rates due to TB – – – – 1.030 0.857 – –

Complete height 0.649 ⁎⁎ 0.080 0.658 ⁎⁎ 0.080 0.669 ⁎⁎ 0.081 0.665 ⁎⁎ 0.081
Age at enlistment 1.039 ⁎⁎ 0.007 0.869 ⁎⁎⁎ 0.059 1.042 ⁎⁎⁎ 0.007 1.042 ⁎⁎ 0.007
Enlistment year 0.868 ⁎⁎ 0.042 0.864 ⁎⁎ 0.042 0.858 ⁎⁎ 0.041 0.858 ⁎⁎⁎ 0.041

B. Disease experience
Diarrhea and dysentery 7.890 ⁎⁎ 0.292 7.626 ⁎⁎ 0.294 7.268 ⁎⁎⁎ 0.304 7.246 ⁎⁎ 0.295
Fever 3.723 ⁎⁎ 0.313 3.671 ⁎⁎ 0.315 3.685 ⁎⁎⁎ 0.324 3.689 ⁎⁎ 0.315
Malaria 0.432 0.665 0.607 0.628 0.793 0.601 0.791 0.600
Measles 6.523 ⁎⁎ 0.464 5.960 ⁎⁎ 0.469 5.377 ⁎⁎ 0.474 5.306 ⁎⁎ 0.474
Typhoid 7.733 ⁎⁎ 0.306 7.756 ⁎⁎ 0.304 7.662 ⁎⁎⁎ 0.310 7.860 ⁎⁎ 0.303
Pneumonia 8.824 ⁎⁎ 0.321 8.531 ⁎⁎ 0.317 8.343 ⁎⁎⁎ 0.332 8.320 ⁎⁎ 0.314
Bronchitis 1.335 0.398 1.397 0.392 1.485 0.383 1.502 0.383
Influenza 7.122 1.144 8.914 ⁎⁎⁎ 1.140 10.956 ⁎⁎ 1.143 10.808 ⁎⁎⁎ 1.136
Pleuritis 8.202⁎ 0.628 8.739 ⁎⁎ 0.619 9.426 0.611 9.379 ⁎⁎⁎ 0.610

C. War-related variables
Gun-shot wound 1.820 0.515 1.810 0.515 1.688 0.512 1.660 0.511
Number of battles 0.564 ⁎⁎ 0.097 0.570 ⁎⁎ 0.0097 0.575 ⁎⁎⁎ 0.100 0.575 ⁎⁎ 0.098
POW 0.666 0.277 0.666 0.276 0.665 0.275 0.666 0.275

D. Population at enlistment (≥50,000 omitted)
b2500 1.127 0.391 1.165 0.391 1.190 0.391 1.200 0.391
2500–25,000 1.658 0.425 1.713 0.425 1.725 0.425 1.738 0.425
25,000–50,000 0.578 1.072 0.588 1.072 0.609 1.072 0.615 1.072

E. Occupation at enlistment (laborer omitted)
Farmer 1.186 0.195 1.220 0.195 1.296 0.194 1.296 0.194
Professional 1.104 0.293 1.107 0.293 1.132 0.2983 1.132 0.293
Artisan 0.974 0.233 0.986 0.233 1.005 0.233 – –

Dusty trade – – – – – – 0.664 0.481
Non-dusty trade – – – – – – 1.076 0.239

χ2 for likelihood ratio 444.44 436.32 426.61 427.78
Observations (events) 18,504 (269) 18,504 (269) 18,504 (269) 18,504 (269)
Proportional hazards 0.48 0.47 0.50 0.49

Rejection rates due to TB is the fraction of soldiers unfit for service in the county of enlistment. “Dusty” trades include painters, brickmasons, bricklayers,
blacksmiths, miners, and coal workers. Additional definitions as in Table 3.

⁎⁎ The coefficient is significantly different from 1 at the 5% level.
⁎⁎⁎ The coefficient is significantly different from 1 at the 1% level.
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predictive power for tuberculosis. The main result from Tables 4 and 5 is that in both tables, the influence of water and airborne
diseases is robust. These additional regressions also suggest limited effects of height and socioeconomic variables prior to
enlistment but these effects may be due to smaller sample sizes.

Table 6 presents yet another attempt to examine the influence of early-life conditions. In this table, we include as a control
the fraction of recruits unfit for service due to tuberculosis in the county of enlistment. As we noted before, about 300 recruits
were found unfit for service due to tuberculosis nearly two months after enlistment, Table 1. This measure serves to
complement previous analyses of disease exposure since it offers a proxy for the prevalence of tuberculosis in the county of
enlistment. The hazard for this variable is larger than one indicating that soldiers who enlisted in counties with higher
prevalence of TB had higher risks of being discharged from the army. The estimate, however, is not statistically different from
one. Separately, since the acquisition of tuberculosis could simply be due to a disproportionate presence of the disease in a given
company, we have computed company prevalence rates for tuberculosis and estimated their effect on diagnosis and discharge.
It turns out that the prevalence of tuberculosis in different companies did not differ drastically so a company effect is not
statistically different from 1.15

Alternative estimates using occupations characterized as “dusty trades” could be employed to evaluate the effect of exposure to
fumes or other particulate matter that inflames the lungs. Our classification is based on the occupations provided at enlistment.
The results are available in Table 6, but they fail to find significant effects of occupation on tuberculosis (the analysis of diagnosis is
similar to previous findings sowe do not report it). The lack of significance could be due to thewidespread effects of tuberculosis in
the army. For instance, different occupations may induce important differences in the acquisition of the disease prior to the war
but not in the activation of TB given the nature of repeated contact while in the army.

Interaction terms and non-linear effects included in a final test are also available in Table 6. They tend to reinforce the results in
Tables 3–5 for all disease loads, but the square of height has a positive and a significant effect on diagnosis and discharge. Since the
square effect is large, this would suggest that taller recruits have higher risks for tuberculosis. However, there is no measure of
weight in the data so it is difficult to evaluate the role of non-linear effects in height (as height often varies with weight as we will
show later on). For example, if weight is held constant, BMI decreases with the square of height, i.e., BMI=weight/(height)2. Thus,
the negative effects of the square of height are fully consistent with soldiers having low measures of BMI and hence the
interpretation of the coefficient on the square of height cannot be made independently of an assessment of the role of BMI. Once
we extend the analysis to tuberculosis mortality risk, we will be able to provide a proper account of non-linearities. In fact, as we
show later on, the influence of BMI is far stronger and more robust than the effects of height. In this sense, a positive non-linear
effect of height is not inconsistent with the importance of nutritional status. Finally, interactions of height with age give a positive
coefficient (a hazard rate of 1.08), suggesting that the benefits of height decline somewhat with age.16

In the rest of this section we examine in some more detail additional concerns associated with the diagnosis of tuberculosis,
sample selection, and early-life influences. In the next section we present a complementary analysis of tuberculosis mortality that
enriches the current discussion.

4.1. Diagnosis

Diagnosis of tuberculosis, as it is an asymptomatic disease in early stages, could be biased by unobserved factors early in life
that lead to acquisition of the disease but not activation. It is not possible to determine the exact date of acquisition of the disease
so our treatment of a latent case acquired in infancy or a case acquired while in service is identical as long as the conditions of war
triggered activation of the disease. (In our analysis of mortality, we will use wartime disease experiences and exact measures of TB
diagnosis as controls for previous acquisition of TB.) In healthy populations, activation of the disease is not very common.17

In addition to the absence of exact measures of disease acquisition, there are some concerns with the diagnosis of tuberculosis
itself as no microbiological testing was available. Tuberculosis in its latest stages poses no difficulties for diagnosis because the
clinical features are very distinctive. In the clinical records, there is no shortage of descriptions of the exclusive symptoms of the
disease (such as expectorated and tubercular matters) and of physical signs, see Medical History of the Civil War (United States
Army Surgeon General's Office, 1990, VI, pp. 818–820). Although the accuracy of diagnosis based on clinical features is not known,
modern studies suggest that in areas of high prevalence, the majority of patients with clinical features of the disease will have a
diagnosis of tuberculosis (see Puffer and Griffith (1967) for a study in cities in less developed countries).18

15 Companies with fewer than 50 recruits had a prevalence rate of 17.32 per 1000 while companies with more than 400 soldiers a prevalence rate of 16.34. The
highest prevalence rate, 30.22, was observed in companies with 350–399 recruits. Recall from Table 1 that the average prevalence rate was 20 per thousand.
16 As an additional unreported test, we considered seasonal effects on tuberculosis. Since seasonal changes also affect metabolic rates and possibly nutritional
status (through food availability and energy claims), instead of considering seasonal dummies as covariates we stratify the estimated effects of winter diagnosis
and discharge defined as diagnosis or discharge during December, January, and February. (The results are not sensitive to changes in the definition of winter.)
The main difference from Table 3 is a reduction in the effect of additional conditions on the risk of tuberculosis. This suggests that winter conditions were likely to
increase the risk of other respiratory conditions as well but that previous predictors of tuberculosis still remain significant.
17 Among people with latent tuberculosis but no other risks, the estimated annual probability of developing symptomatic tuberculosis is only 0.1%, see Ferebee
et al. (1963). Immunocompromised patients, by HIV co-infection, have a risk of 5 to 10% per year of developing symptomatic tuberculosis.
18 Autopsies in multiple cases discussed in the Medical History of the Civil War United States Army Surgeon General's Office (1990) confirm the diagnosis of
tuberculosis. See, Case 98 (III, pp. 103), Case 413 (III, pp. 181), Case 865 (III, pp. 259), Case 876 (III, pp 263), and Case 971 (XI, pp 651). A case of a GSW to the
chest that served to diagnose tuberculosis is discussed in VIII, 528. Case 731 (III, pp. 231) showed signs of tuberculosis, but the cause of death was coded as
anemia. Cases of tuberculosis in “young and undeveloped physically” men were discussed in (VI, pp. 757). Their diagnosis was based on “lung trouble, cough,
purulent sputa or muco-purulent sputa sometimes mixed with blood and debility.” The soldiers were discharged.
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Even if the diagnosis of tuberculosis at later stages is unproblematic, the diagnosis of additional diseases could introduce error-in-
variables to the estimation. For example, the widespread presence of the dysentery–diarrhea complex or the typho-malarial fevers
suggests that those diseases were regularly confused. Since the misdiagnosis amounts only to a reclassification, the issues raised
are not as problematic as the confusion between these diseases and tuberculosis itself.

There is no direct evidence to indicate the extent of the misdiagnosis in the Union Army data, but post-mortem examinations
prove useful to evaluate the dimension of the problem. Post-mortem examinations, discussed in theMedical History of the Civil War
(United States Army Surgeon General's Office, 1990, VI), frequently indicate tuberculosis in patients who died from pneumonia,
diarrhea, dysentery, and malaria. The Medical History of the Civil War (United States Army Surgeon General's Office, 1990, VI,
pp. 818) comments: “Men were taken sick with diarrhea and dysentery, continued fevers, measles, bronchitis, pneumonia and
other diseases, and their caseswere reported under these headings. Months afterwards they died orwere discharged on account of
tubercular disease of the lungs, although their names had never appeared in the list of those taken sick with consumption.”

The evidence in theMedical History of the Civil War (United States Army Surgeon General's Office, 1990), however, is reassuring
for our investigation because tuberculosis in other causes of death is present, but with the exception of diarrhea, in very limited
amounts. The frequency of the cases is as follows: In 435 post-mortem examinations of deaths due to pneumonia, 30 (6.8%) had
tubercular disease. In 330 cases of fevers, 16 (4.8%) had tubercles in the lungs, and tubercular deposits were observed in the lungs
of 106 out of 667 post-mortem examinations of deaths coded as diarrhea and dysentery (15.8%). The lungs of 147malarial subjects
were examined, but only in 11 cases (7.4%) were there signs of tuberculosis. In the case of typhoid fever, 34 post-mortem
examinations of the lungs were considered, but there was only one case (2.9%) with pulmonary tubercle.19 These previous
statistics suggest that under-diagnosis of tuberculosis was not a central concern. There is less evidence on the possibility of over-
diagnosis but since the army disposed of tuberculosis by discharging soldiers, there were no incentives to over-diagnose the
disease especially as the war progressed.

4.2. Sample selection

In addition to some of the concernsmentioned above, the analysis of tuberculosis in the Union Army raises additional questions
associated with sample selection at several levels. On one hand, soldiers who enlisted in the army could be a “healthy” sample of
the population as some were rejected after medical examinations at enlistment. On the other hand, as diagnosis of tuberculosis

Table 7
Cox proportional hazard model for TB diagnosis for different sub-populations.

Farmers Non-farmers Rural Non-rural

Hazard ratio S. e. Hazard ratio S. e. Hazard ratio S. e. Hazard ratio S. e.

A. Nutritional status and susceptibility
Complete height (in meters) 0.858 ⁎ 0.086 0.853 ⁎ 0.101 0.876 ⁎ 0.068 0.709 0.204
Age at enlistment 1.034 ⁎⁎⁎ 0.008 1.018 0.011 1.026 ⁎⁎⁎ 0.007 1.050 ⁎⁎ 0.019
Enlistment year 0.877 ⁎⁎ 0.057 0.985 0.067 0.888 ⁎⁎⁎ 0.043 1.216 0.148

B. Infectious disease experience
Diarrhea and dysentery 9.063 ⁎⁎⁎ 0.257 9.908 ⁎⁎⁎ 0.366 9.623 ⁎⁎⁎ 0.207 3.308 0.707
Fever 4.084 ⁎⁎⁎ 0.282 3.790 ⁎⁎⁎ 0.434 4.591 ⁎⁎⁎ 0.249 5.825 ⁎⁎ 0.713
Malaria 2.553 0.592 0.750 0.682 0.678 0.442 – –

Measles 10.267 ⁎⁎⁎ 0.401 3.973 ⁎⁎ 0.708 5.038 ⁎⁎⁎ 0.378 42.485 ⁎⁎⁎ 0.744
Typhoid 8.744 ⁎⁎⁎ 0.291 9.931 ⁎⁎⁎ 0.443 10.245 ⁎⁎⁎ 0.263 12.413 ⁎⁎⁎ 0.673
Pneumonia 11.090 ⁎⁎⁎ 0.268 18.294 ⁎⁎⁎ 0.374 9.772 ⁎⁎⁎ 0.238 291.804 ⁎⁎⁎ 0.661
Bronchitis 1.153 0.350 7.785 0.466 1.852 ⁎⁎ 0.275 24.983 ⁎⁎⁎ 1.148
Pleuritis 36.112 ⁎⁎⁎ 0.603 2.502 0.754 9.633 ⁎⁎⁎ 0.525 82.371 ⁎⁎⁎ 0.783

C. Stress and war-related variables
Gun-shot wound (GSW) 5.580 ⁎⁎⁎ 0.445 7.886 ⁎⁎⁎ 0.457 6.444 ⁎⁎⁎ 0.396 10.608 ⁎⁎⁎ 0.593
Number of battles 0.694 ⁎⁎⁎ 0.082 0.813 ⁎⁎ 0.080 0.757 ⁎⁎⁎ 0.0578 0.591 ⁎⁎ 0.235
POW 1.082 0.242 0.556 ⁎⁎ 0.321 0.934 0.193 0.026 ⁎⁎ 1.678
χ2 for likelihood ratio 543.91 317.85 720.27 163.85
Observations (events) 10,381 (263) 8,125 (193) 16,369 (402) 2,217 (56)
Proportional hazards 0.91 0.94 0.94 0.89

S. e. represents standard errors. Additional definitions as in Table 3. Farmers identified with occupation at enlistment and rural populations with enlistments in
counties with less than 2500 inhabitants, see Table 2.

⁎⁎⁎ The coefficient is significantly different from 1 at the 1% level.
⁎⁎ The coefficient is significantly different from 1 at the 5% level.
⁎ The coefficient is significantly different from 1 at the 10% level.

19 Obviously, the presence of tubercular matter in patients whose causes of death were coded as other than tuberculosis is not necessarily an indication of
misdiagnosis, especially with diarrhea. Due to the competing risk nature of mortality, tuberculosis could be present in those patients without actually leading to
mortality. For example, examinations reveal cases in which diarrhea and dysentery contributed to the tubercular destruction of the lungs, although the records
do not show the invasion of the intestinal membrane by the tubercular deposit, Medical History of the Civil War (United States Army Surgeon General's Office,
1990, VI, pp. 827).
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while in the army often lead to discharge (tuberculosis was the leading cause of discharge while in the army), it is also possible
that recruits with a latent form of the disease were diagnosed only in the later stages of tuberculosis, suggesting that the sample
contains an “unhealthy” part of a “healthy” population.

As the Civil War draws more than two million Northerners into the Union Army, the representativeness of the population by
the Union Army sample is less problematic than the selection into diagnosis for soldiers already in the army. For example, the need
for “warm bodies”may give companies a disincentive to discharge soldiers, especially taller recruits. That is, the protective effects
of height in the previous tables may simple reflect a reduction in reported cases but not in actual ones. On a related note, we
suggested above that the selective nature of diagnosis and discharge could in part be responsible for the protective effect of battles
as they reduced the incentive or the possibility of seeking medical assistance. There is no direct way to examine how important
selection into diagnosis was but it is interesting to notice that in a sample of recruits with no battle experience and no gun-shot
wounds, the results of Table 3 remain unaffected (see the last column in Tables 4 and 5). That is, to the extent that selection into
discharge or selection into seeking medical advice are related to the number of battles, the results suggest that selection plays no
role in the results. We consider a separate strategy to examine selectivity aspects in mortality later on where we examine
tuberculosis in a sample of veterans who visited doctors due to the promise of a pension and not necessarily due to the
deterioration of their health which arguably leads to selectivity concerns during the war.

4.3. Early-life influences

Some of the previous estimates indicate that height had a protective effect for tuberculosis. These effects are not always robust
but even if the estimates are taken to reflect a protective effect, it is important to recognize that height does not provide an
accurate assessment of differences in diets but an overall assessment of how diets and disease varied early in life (Fogel, 2000). In
particular, the protective effect of height may simply be the consequence of differences in early-life disease environments. This
suggests that the disease component estimated in the previous tables is an underestimate of the overall impact of disease
environments.

It is not possible to purge the disease component in height to offer a “pure” estimate of the role of the improvement in the diets
on the mortality decline of tuberculosis but the influence of early-life conditions in height seems important. In fact, the analysis of
Haines et al. (2003) suggests that the height of the soldiers of the Union Army varied mainly due to differentials in environmental
conditions and somewhat less importantly with diets. This aspect is especially problematic for the presence of tuberculosis in
early-life as it will lead to reverse causation (although as we noted before, this problem is more severe in the sample of soldiers
unfit for service). In addition to the proxies for disease environments used in previous tables, we consider three ways to further the
discussion about early diagnosis of tuberculosis. First, we recognize that the influence of height provides an upper bound for the
“pure” contribution of diets to the mortality decline. Later on, we present these estimates in more detail. Second, we examine
specific sub-populations that experienced different environmental conditions growing up including populations where TB was
less common. These sub-populations include farmers and rural residents. Finally, we consider an analysis of TB mortality and
control for weight, height, and for conditions during the war as a way to examine past disease loads. For instance, since we have
information about the diagnosis of TB during the war, this variable is no longer unobserved in the veteran's sample.

Table 7 estimates the influence of nutritional status variables and infectious disease experience for farmers and non-farmers as
well as for rural and non-rural populations. As we noted previously, tuberculosis was less common in rural areas, and as a result,
the potential for early TB exposure is smaller for farmers than for urban populations. The results indicate that there is very little
difference with the results in Table 3 and very little difference across sub-populations but the estimates of height lose statistical
significance. For instance, the protective effect of height in soldiers who enlisted in non-rural counties (counties with more than

Table 8
Cox proportional hazard model for mortality due to tuberculosis.

Post-1890 Pre-1890

Hazard ratio S. e. Hazard ratio S. e. Hazard ratio S. e. Hazard ratio S. e.

A. Nutritional status
Wartime TB diagnosis 3.741 ⁎⁎ 0.591 3.344 ⁎⁎ 0.593 3.306 ⁎⁎ 0.593 3.217 ⁎⁎⁎ 0.282
Age 0.993 0.015 0.987 0.017 0.986 0.018 1.009 0.009
Height 0.440 1.794 0.031 ⁎ 1.989 11.010 2.071 2.361 1.315
Weight – – – – 0.923 ⁎⁎⁎ 0.017 – –

BMI – – 0.803 ⁎⁎⁎ 0.049 – – 0.816 ⁎⁎⁎ 0.025
χ2 for likelihood ratio 3.87 ⁎⁎ 27.10 29.85 69.23
Observations (events) 4694 (72) 4133 (67) 4133 (67) 4838 (141)
Proportional hazards 0.73 0.50 0.97 0.26

Days free from TB are measured from pension enrollment. S. e. represents standard errors. Mortality from tuberculosis is an event. Individuals who died from a
cause of death other than TB are treated as censored. Wartime diagnosis refers to diagnosis of TB during the Civil War. Age is the age at pension enrollment.
BMI=weight/(height)2. Pre-1890 sample excludes deaths during the Civil War. Additional definitions as in Table 3.

⁎⁎⁎ The coefficient is significantly different from 1 at the 1% level.
⁎⁎ The coefficient is significantly different from 1 at the 5% level.
⁎ The coefficient is significantly different from 1 at the 10% level.
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2500 inhabitants) is larger than in any of the other groups but it is not statistically different from one. In the other columns, the
coefficient of height still indicates some protection but the significance is lower. As with previous tables, this seems to be the
consequence of reduced sample sizes.

Table 7 also implies that the adverse effects of waterborne diseases such as diarrhea and dysentery are fairly uniform across the
population and quite robust. This is also in line with our previous estimates. Thus, to the extent that exposure to disease in early
life differed between farmers and non-farmers (or rural and non-rural inhabitants), the results of Table 7 suggest that early-life
conditions had only limited influence on the diagnosis of tuberculosis or on the influence of waterborne diseases in tuberculosis.

5. Tuberculosis mortality in Union Army veterans

The purpose of this section of the paper is to extend the analysis to consider tuberculosis mortality for veterans of the Union
Army. While the analysis of discharge and diagnosis presented above provides useful insights, a shortcoming of the previous
estimates is that regiments during the Civil War were relieved of tuberculosis by discharge and not by death. Other concerns with
the previous estimates will also be less present here.

To studymortality, we consider veterans of the Union Army and rely on legal changes in the assignment of pensions for service
in the army. In particular, beginning in 1890, pensions were granted on the grounds of service in the Union Army and not by
wounds received during the war, as it was the case before 1890. Associated with these pension applications are detailed physical
examinations, completed by physicians, who certify the veterans' health status. Measures of weight and specific causes of death
are also available so we can employ additional controls not available before. For instance, we can study individuals who have
already been diagnosed with tuberculosis (either during the war or after) and study the effect of nutritional variables, occupation,
and disease loads on their mortality rates.

There are some additional important advantages from using mortality statistics from after the war. First, tuberculosis is a
chronic disease and no treatment was available before the 1940s. Since we have already established which soldiers were
diagnosed with tuberculosis during the Civil War, we can in part overcome the problem of not having a date of acquisition of the
disease. Second, after 1890 pensions were given by service sowe can study a populationwith less direct effects of thewar. This will
minimize the selection effects that arose while the soldiers were in the army. Finally, measurement of TB improved in the early
1890s as tuberculin tests first became available for the diagnosis of tuberculosis, (see Olmstead and Rhode, 2004, Table 1). This

Table 9
Cox proportional hazard model for tuberculosis mortality.

Hazard ratio S. e. Hazard ratio S. e. Hazard ratio S. e.

A. Nutritional status
Height 0.039 ⁎ 2.005 0.039 ⁎ 1.974 0.056 2.005
BMI 0.803 ⁎⁎⁎ 0.049 0.815 ⁎⁎⁎ 0.049 0.818 ⁎⁎⁎ 0.049
Age 0.983 0.017 0.985 0.017 0.983 0.017

B. Infectious disease experience
Tuberculosis diagnosis

Wartime diagnosis 3.118 ⁎⁎⁎ 0.601 1.813 0.643 2.336 0.644
Post-war diagnosis – – 10.243 ⁎⁎⁎ 0.524 13.122 ⁎⁎⁎ 0.515

Wartime disease experience
Diarrhea and dysentery – – – – 0.752 0.362
Fever – – – – 0.787 0.3504
Measles – – – – 0.263 1.069
Typhoid – – – – 1.065 0.724
Bronchitis – – – – 1.309 0.612
Pleuritis – – – – 2.998 0.737

Post-war disease experience
Diarrhea 0.604 0.430 0.653 0.431 0.713 0.438
Pneumonia 2.393 1.055 1.893 1.029 1.638 1.049
Pleuritis 2.672 0.763 2.080 0.745 1.717 0.760

E. Occupation
Occupation at enlistment

Farmer – – – – 0.622 0.312
Professional – – – – 0.486 0.518
Artisan – – – – 0.622 0.388

Post-war occupation
Professional 3.093 ⁎ 0.471 3.198 ⁎ 0.470 3.184 ⁎ 0.480
Services 1.497 0.596 1.516 0.597 1.576 0.604

χ2 for likelihood ratio 35.90 48.62 59.01
Observations (events) 4130 (67) 4130 (67) 4116 (67)
Proportional hazards 0.09 0.08 4.08 ⁎

Additional definitions as in Table 7.
⁎⁎⁎ The coefficient is significantly different from 1 at the 1% level.
⁎ The coefficient is significantly different from 1 at the 10% level.
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increases the accuracy of the diagnosis of the disease.
We consider a Cox proportional hazard model as in Eq. (1) for the time duration between pension enrollment and mortality

(mortality by causes other than tuberculosis is treated as censored). We consider two sub-samples, one with veterans who
enrolled before 1890 and one with those who enrolled after. Initially, we control for the diagnosis of tuberculosis in the Civil War,
the age of the veteran, and height. Since the number of events is reduced (to less than 100), precision is also reduced; however, in
both sub-samples, diagnosis during the war increases the risk of tuberculosis mortality after the war, see Table 8. Table 8 also adds
controls for BMI and height in both sub-samples.

Table 8 shows that, as expected, diagnosis of tuberculosis during the war increases the mortality risk for TB. The effect is of
roughly the same magnitude in recruits who received pensions as a consequence of war injuries and for recruits who received
pensions after 1890. (This implies that once diagnosed, case fatality rates vary little withwar-related variables.) The effect of BMI is
also equivalent in both sub-samples. If height is considered alone, its effects are in the same order of magnitude as before
(Tables 3–6) because the hazard rate is 0.44, but height is no longer statistically different from 1. In fact, it is not possible to reject
the joint hypothesis that the coefficients on diagnosis and height are equal to 1 in the first column of Table 8. Once BMI measures
are taken into account, height has an independent protective effect in post-1890 veterans. This effect is statistically different from
1 but only at the 10% level. This coefficient suggests that in addition to linear effects of height, there are non-linear effects of height
on mortality that operate mainly through BMI.20

We have computed BMI using weight measures at the first medical examination that granted a pension. Thus, it is possible to
argue that the effect of BMI is due to reverse causation by previous disease insults (war effects seem unlikely since the sub-samples
already control for war-related injuries and provide no statistical difference between the estimates of BMI).

Table 9 shows that the effects of BMI are not affected by the inclusion of conditions acquired while in service or similar
conditions diagnosed after pension enrollment. Once controls for past disease experience and occupation are implemented, the
protective effects of having a high body mass index remain statistically significant. Table 9 also implements controls for previous
diagnosis of TB in the veterans. As in the previous tables, height remains statistically different from 1when BMI is included inmost
specifications, but when controls for past disease experiences and diagnosis for tuberculosis are included, height is no longer
statistically different from 1. The effect of BMI, on the other hand, fails to disappear even after the numerous controls are included.
Since we have explicitly controlled for disease experiences during the war and after pension enrollment, the higher risk associated
with low BMI seems unrelated to previous disease experience.

As before, we implement a series of robustness checks.21 We use a sample of veterans who received pensions before 1890, and
we have restricted the sample to veterans who died after 1896, 1901, and 1911 but who had received pensions since 1890. In those
sub-samples, BMI still has a positive effect on survival (the effect actually increases for veteranswho died after 1901). Stratification

20 Notice also that a disaggregate analysis that includes only weight and height shows that the protective effect of BMI operates mainly through weight. For
example, notice that the inclusion of weight as a separate covariate yields a hazard for height of about 11 although not statistically significant. The hazard of
height in the regression that includes BMI (which is computed using the square of height) is 0.031. This implies that weight and height are strongly correlated
and so the inclusion of non-linear terms for height in the absence of controls for weight is uninformative. If weight had no separate role in tuberculosis, the
inclusion of the square of height would be informative.
21 In Table 8, the proportionality hypothesis of the Cox model is rejected in the last column. An analysis of residuals reveals that this is due to the significant
effect of the interaction between post-war diagnosis of tuberculosis and time. Including such an interaction allows for non-proportionality, but even in such case,
the results regarding BMI remain unaffected. Most of the difference is given in a much higher effect of tuberculosis diagnosis. We have also stratified the sample
according to the diagnosis of TB. The hazard for BMI is 0.821, still statistically different from 1. Under the stratification, the non-proportional problem is also
absent.

Table 10
Percent contribution to tuberculosis diagnosis and discharge.

Assumed
changes

Percent contribution to

Diagnosis Discharge

(1) (2) (1) (2)

Change in average height (in m.) 0.045 24.2 23.5 49.0 52.3
Reduction in disease prevalence (×100)

Diarrhea and dysentery 0.357 26.6 28.8 19.0 17.4
Fever 0.246 13.0 10.6 8.5 8.4
Malaria 0.036 −0.2 −0.4 −0.2 −0.4
Measles 0.075 5.4 3.2 3.4 2.8
Typhoid 0.135 10.9 12.2 7.3 6.6
Pneumonia 0.147 12.8 12.6 8.3 8.3
Bronchitis 0.147 2.5 6.1 1.5 1.9
Influenza 0.004 0.2 – 0.2 –

Pleuritis 0.044 4.3 3.1 2.6 2.4
Absolute change (×100) −2.8 −2.8 −3.7 −3.9

Estimates in column (1) are based on the hazards of Table 3. Column (2) is based on the last column in Tables 4 and 5, or for recruits with no battle experience. The
significance of coefficients is in the original tables. Changes in height are assumed as the difference between average heights in the Union Army and in the NHANES
for males aged between 25 and 45. Changes in disease prevalence correspond to the eradication of diseases in the sample prior to diagnosis or discharge.
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by late TB diagnosis also displays the protective effects of BMI, and the inclusion of additional variables (population size at
enlistment and war-related variables) makes no difference to the effects of BMI. Medical reports for veterans also contained
measures of the severity of the different diseases, and we use episodes of severe diarrhea instead of any episode in the regression.
However, the effect of disease loads is not statistically different from 1 once diagnosis of TB is included. As in Table 9, height is only
marginally significant in most specifications.

6. Contributions to the decline

This section brings the previous estimates to bear on the contribution of different factors for the mortality decline of
tuberculosis. To highlight the importance of TB, notice than in 1900, the “all-causes”mortality rate in the U.S. population was 1719
(per 100,000), and the mortality rate from all forms of tuberculosis was 194. In 1940, the all-causes mortality rate was 1076 while
the mortality rate from tuberculosis was 46 (CDC Center for Disease Control, 2005). While overall death rates declined by 40%,
mortality rates from tuberculosis experienced almost an 80% decline between 1900 and 1940.

To evaluate the contribution of different factors to the decline in the prevalence of tuberculosis we estimate the change in risk
rates if the average Union Army soldier had the average height of the current U.S. male population and if such a recruit never had
suffered from diarrhea or other conditions prior to tuberculosis. That is, we compare the risk of tuberculosis in a modern
representative individual, tall and healthy, with a representative Union Army soldier.

We specifically consider the following scenario described in Table 9. We assume that height increases by 4.5 cm from 1.71 m
(in Table 2) to about 1.76, which is the average height of males with ages between 25 and 45 in the NHANES survey. We also
assume that infectious diseases other than tuberculosis are eradicated.22 The estimates in Tables 3–6 define the percentage change
in the hazard rate associated with a unit change in the predictor so a log-transformation defines the response to other changes. For
example, the hazard rate for height in Table 3 is 0.859 so its coefficient is ln(0.859)=−0.15.23 Since height changed by 4.5 cm, the
absolute effect of height on the log-hazard is given by −0.15×0.045=−0.007. Similarly, we can compute the effect of disease
eradication and add all the effects to obtain a total predicted absolute change of −0.028 (the last line in Table 9). Hence, of the
predicted 0.028 change, height contributes in about 0.007/0.028 or 24% as Table 10 reports.24

Table 10 shows that the contribution of increased heights ranges from one-fourth to one-half of the predicted decline. Since we
acknowledged a potential bias in the analysis of discharge, as height could have an independent value while in the army, our
preferred estimates are based on the analysis of diagnosis. There, the contribution of height is estimated to be 25%. The effects
associated with public health changes given in terms of the prevalence of diarrhea, perhaps the main reason for the bias in
McKeown (1977), account for roughly the same fraction as changes in height. If the decomposition provided in Table 10 is taken to
reflect specific disease influences, our findings confirm the important effect that waterborne and respiratory conditions have on
explaining the decline in the prevalence of tuberculosis (Preston and Van de Walle, 1978).

We have, perhaps correctly, assumed that differences in height were not only due to differences in diets. The estimates that
served to produce Table 10 include a control for early life conditions in the county of enlistment andmeasures of population size
sowe tried the best possible way tominimize the “disease” aspect of heights. As the population size of the county of enlistment is
an imperfect control, it is possible that changes in disease insults have amuch larger effect in lowering tuberculosis prevalence as
some influences will be seen in increases in height while others in the protection against TB in mid-life. In other words, while
there is no ambiguity with respect to the interpretation of changes in disease loads, the gains associated with differences in
height can be taken as improvements in the diet or as additional improvements in the disease environment during growing
years. A separation, as the one suggested by McKeown (1977), is clearly not possible. The evidence in Table 10 thus provides an
upper bound for the role of “pure” changes in diets and a lower bound for the role of disease environments in the mortality
decline of tuberculosis.

In Table 10, we considered only variations in nutritional status and disease experience and ignored influences specific to the
war, occupational changes, and variations in the distribution of the population. The risk of diagnosis is higher for people living in
small towns, so Table 9 would underestimate the effect of all the other variables in the current decline. Also, as we noted, the
occupational structure failed to play a significant role in the diagnosis or discharge of tuberculosis. Professionals, however, had an
elevated mortality risk from tuberculosis in Table 9.

22 In contrast to Table 2, the average prevalence of the conditions listed in Table 9 under assumed changes makes reference to the disease experience prior to
tuberculosis; hence, they are lower than the unrestricted average in Table 2. That is, our predicted measures were constructed for cases in which the diseases
pre-dated the diagnosis and discharge of tuberculosis.
23 A referee pointed out that the response to different changes in the covariates, the estimated βs, could change due to technological or physiological changes in
the way the different factors affect the risk of tuberculosis. This hypothesis was considered by Fogel and Costa (1997). Our results can then be seen as an
approximation in which the additional physiological effects are ignored.
24 Assuming that the risk scores β are constant, based on Eq. (1), we can describe the decomposition as:

ln hModern t jxβð Þ− ln hUnion Army t jxβð Þ = xModern−xUnion Army
� �

β;

with xModern−xUnion Army as the assumed changes. The last line in Table 9 gives the total difference of the log-hazard, ln[hModern(t|xβ)/hUnion Army(t|xβ)], so the
overall variation is given by the exponential of the difference. Note, for example, that the overall variation in the hazard is rather small. Since exp{−0.028}=
0.97, the fraction of the baseline hazard reduced by the interventions is only 3% (and at most 5% for discharge) so other influences in the absolute risk are still
unaccounted for. For that reason we need to note that our numbers make reference to relative changes only.
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The estimates in the previous section also serve to examine mortality rates. In the NHANES survey (all waves), the average
BMI of males aged 25–45 is 26.62 while in the Union Army sample the average BMI is 23.33 (see Table 2). The hazard of BMI on
tuberculosis mortality is 0.818 in Table 8 so the coefficient is −0.20. If the difference between the two data points is used to
predict differentials in mortality, the estimated gain is −0.20×3.29=−0.66. In contrast to changes in diagnosis, the absolute
predicted change in mortality is as large as exp{−0.66}=0.51. That is, the absolute risk of mortality declines in about 50% due
to observed improvements in BMI. This number is consistent with the estimates provided in Table 10. Thus, the evidence
present so far suggests that the observed gains in weight and height account for an important part of the mortality decline from
tuberculosis but that the influence of improvements in disease environments is more important (or at least as important) and
these changes in BMI and height.

We have considered the potential effect of disease loads and nutritional change in tuberculosis, but it is important to note
that the aspects studied constitute only a partial list of potential explanations. As Olmstead and Rhode (2004) have shown,
one of the most important achievements in tuberculosis control was the official inspection of cattle and the eradication of
bovine tuberculosis in the United States. Campaigns that improved the quality of the milk supply also contributed to the
reduction of tuberculosis and other water and foodborne diseases. Additional measures, such as the reporting and
registration of tuberculosis cases followed by isolation, as well as improved treatment of tubercular patients in hospitals and
educational campaigns that disseminated information about the contagious nature of the disease were also a response to the
knowledge that arose from the development of the germ theory of disease (see, for example, Bryder, 1988; Barnes, 1995;
Lowell, 1969).

It is unquestionable that the previous public health initiatives had an important effect on the course of tuberculosis, but their
contribution, with the exception of the eradication of bovine tuberculosis studied by Olmstead and Rhode (2004), is difficult to
evaluate since tuberculosis mortality began its decline before the advent of the germ theory of disease and because the trend in
mortality up to the late 1940s, when streptomycin became available, was steady (see Figs. 1 and 2).25

7. Conclusions

This paper examined themedical histories of a sample of 25,000 Union Army soldiers and veterans to study the determinants
of diagnosis, discharge, and mortality from tuberculosis in past populations. Our results confirmed the importance of a
synergistic relationship between waterborne diseases and tuberculosis as the diagnosis of tuberculosis was far more common in
soldiers with a prior history of diseases such as diarrhea and typhoid. Airborne diseases such as pneumonia, measles, and
bronchitis also raised the risk of tuberculosis. We also found that height was associated with a reduced risk of diagnosis and
discharge from tuberculosis and that a higher body mass index (BMI) reduced the mortality risk from tuberculosis. Certain
occupations, due to the exposure to dust and fumes, often increase the risk of developing tuberculosis, but in our sample
occupation has no predictive power for tuberculosis maybe because the conditions of the war were equally harsh on the
population.

In the paper, we also considered mortality rates due to tuberculosis for a sample of veterans who received pensions after 1890
by factors unrelated to their injuries during the war. In the case of mortality, height still plays a protective role but often not with
statistically significant effects. BMI, on the other hand, remains robust to the inclusion of disease loads during the war and after
enrollment, early life conditions, and occupation during the war and after. Unfortunately, the sample is too small to attempt
additional controls related to wealth information in the Federal Censuses.

Since the decline in mortality from tuberculosis accounts for an important fraction of the overall mortality decline, it is not
surprising that multiple hypotheses have been proposed to explain why tuberculosis mortality declined. Based on the
evidence presented throughout the paper, we argue that between one-quarter to one-half of the predictable decline in
tuberculosis could be associated to the modern increase in final heights and BMI. Since height and BMI reflect past and current
influences of disease and diets, a complete separation of both effects is unattainable, see, for example, Preston and Van de
Walle (1978) and Fogel (1997). Still, the previous estimates provide an upper bound for the role of “pure” nutritional
influences in the mortality decline from tuberculosis. Since this upper bound is between one-quarter and one-half of the
decline, our findings suggest that the elimination of waterborne diseases such as diarrhea was among the most important
influences in the mortality decline of tuberculosis. The influence of nutritional variables, however, cannot be taken as
insignificant.
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