OBSERVATIONAL STUDY

Evidence for an Inherited Contribution to Sepsis
Susceptibility Among a Cohort of U.S. Veterans

OBIJECTIVES: Analyze a unique clinical and genealogical resource for evidence of fa-
milial clustering of sepsis to test for an inherited contribution to sepsis predisposition.

DESIGN: Observational study.

SETTING: Veteran's Health Affairs (VHA) Genealogy/Phenotype resource,
a U.S. genealogy database with veterans individually linked to VHA electronic
health records.

PATIENTS: Sepsis was identified using International Classification of Disease,
9th Edition and 10th Edition codes. There were two comparison groups: one
composed of the all veterans with linked data and deep genealogy and the other
included 1,000 sets of controls, each set randomly sampled from the entire co-
hort after matching on sex and 10-year birth year range on a 1:1 ratio with cases.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: There were 4,666 cases of sepsis
from 2001 to 2018, of which 96% were male and 80% greater than or equal to
65 years old. Utilizing the Genealogical Index of Familiality, there was a significant
excess of pairwise relatedness among sepsis cases over that in the control sets
sampled from VHA population (p = 0.03). The relative risk (RR) of sepsis among
identified relatives compared with the larger linked VHA cohort demonstrated
an excess of sepsis cases in the first-degree (RR, 1.39; 95% CI, 1.03-1.92;
p = 0.05) and second-degree (RR, 1.50; 95% CI, 1.07-2.17; p = 0.04) relatives
that were not demonstrated in higher degree relatives. The sepsis cases clus-
tered into 1,876 pedigrees of which 628 had a significant excess of sepsis cases
among the descendants (p < 0.05).

CONCLUSIONS: The data from this cohort of nearly all male U.S. veterans dem-
onstrate evidence for contribution of an inherited predisposition to sepsis and the
existence of pedigrees with a significant excess of diagnoses that provide a val-
uable resource for identification of the predisposition genes and variants respon-
sible. This complements studies on individual genetic variants toward estimating
the heritability patterns and clinical relevance of genetic sepsis predisposition.

KEY WORDS: familial clustering, genealogy, high-risk pedigree, infection, relative
risk, sepsis, Veteran Health, Veteran's Health Affairs genealogy resource

epsis is defined as a dysregulated immune response to infec-

tion that leads to organ dysfunction with mortality estimates

ranging from 15% to 50% (1-3). Sepsis is a common problem
with estimates of annual incidence in high-income countries rang-
ing from 80 to 300 cases per 100,000 adults and estimates in low- and
middle-income countries incomplete but believed to be higher (2, 3).
The overall attempt to understand sepsis in order to surveil, prevent, and treat
can perhaps be simplified into two approaches: 1) sepsis as a myriad of analo-
gous afflictions specified by pathogen, initial organ system infected, and sub-
sequent organ systems affected; and 2) a specific entity in and of itself defined
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by homologous pathways of immune dysregulation.
Although these approaches can be complementary,
an emphasis on sepsis as a common, identifiable
pathway informs a research strategy to look for com-
mon causes identifiable in human biology. It is within
this framework that we seek to examine the potential
familial clustering of sepsis risk as evidence that may
support the heritability.

Although there has been a recent meta-analysis
examining the associations of specific genetic variants
with the risk of sepsis, in this work, we take a different
approach in utilizing a U.S. national genealogy data-
set linked to detailed medical diagnosis data to define
the familial clustering observed for sepsis and to test
hypotheses of an inherited contribution to the devel-
opment of sepsis-causative infection and related host
responses (4, 5). This work adds to the existing rich
literature on specific genetic variants associated with
sepsis by potentially revealing patterns of inheritance
and indicating whether, outside of specific genetic test-
ing, a more easily obtained familial history could po-
tentially contribute to the assessment of sepsis risk.

MATERIALS AND METHODS
Design, Setting, and Participants

This study used the Veteran’s Health Affairs (VHA)
Genealogy/Phenotype resource, which represents a
U.S. genealogy data resource that has been record-
linked to nationwide medical data for the population
of U.S. veterans utilizing the VHA system for medical
care. This resource was created in part to allow analyses
of evidence for a genetic contribution to health-related
conditions (5, 6). The parent genealogy data resource
extends to the early 1700s, includes individuals born in
all 50 states, and currently represents approximately 71
million individuals with linked relatives, whereas the
subcohort-linked VHA medical data date to the mid-
1990s and include a growing total of 1.04 million VHA
patients with demographic data who were record-
linked to a unique individual in the genealogy data (6).
For this analysis, we included the 273,227 of these
VHA patients with linked genealogy data including at
least both parents, all four grandparents, and two of
eight great grandparents, allowing the identification
of close and distant relatives. Once VHA patients were
linked to the genealogy data, only identification num-
bers were used to identify cases and analyze clustering.
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Identifying Sepsis Cases and Comparison
Groups

International Classification of Disease (ICD) codes with
accompanying dates for all VHA patients with linked
genealogy data were used to assign sepsis cases. Given
the complexity of using administrative codes to define
sepsis cases, a priori, we designated a principle case
definition utilizing explicit sepsis codes as well as two
more liberal case definitions to be used in preplanned
sensitivity analyses examining the robustness of results
against different case definitions. The codes used in
these three definitions are listed in Table 1, with the
specific sepsis case definitions provided in Table 2.

For the different analyses described below, different
comparison groups are required. For the Genealogical
Index of Familiality (GIF) analyses described below,
we selected 1,000 sets of controls from the entire pop-
ulation of VHA patients with linked deep genealogy.
For each set, for each sepsis case, we randomly selected
one VHA control patient who was also matched by sex
and 10-year birth year range. For the relative risk (RR)
analyses described below, population rates were esti-
mated using the entire population of 273,227 VHA
patients with linked genealogy (at least eight imme-
diate ancestors) and medical data.

Statistical Analyses

Familial clustering was analyzed using several well-
described methodologies that are described briefly here.
The GIF was used to test for excess relatedness among the
individuals diagnosed with sepsis compared with the ex-
pected relatedness of 1,000 similar groups of individuals
from this population. This test was originally designed
for use with the Utah genealogy data resource and has
been used on earlier versions of the VHA resource
(4-6). The relatedness of each pair of sepsis patients is
measured with the Malécot coeflicient of kinship, which
is the probability that a homologous allele in the two
individuals was identical by descent from a common
ancestor. The GIF statistic for all sepsis cases is the mean
of all pairwise kinships. The majority of pairs of cases
are not related, resulting in many coefficients of 0; there-
fore, the statistic is multiplied by 10° for presentation. A
GIF statistic was calculated for 1,000 independent sets
of matched VHA patient controls with genealogy data
as described previously to estimate the average pairwise
relatedness expected in the VHA patient population
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TABLE 1.

International Classification of Diseases
Code Descriptions

Code Description

ICD-9th Edition Clinical Modification

995.91 Sepsis

995.92 Severe sepsis

785.52 Septic shock

790.7 Bacteremia

38.9 Unspecified septicemia

38.0 Streptococcal septicemia

38.1 Staphylococcal septicemia

38.2 Pneumococcal septicemia

38.3 Septicemia due to anaerobes

384 Septicemia due to other Gram-negative
organisms

38.8 Other specified septicemias

ICD-10th Edition

R65.20 Severe sepsis without septic shock

R65.21 Severe sepsis with septic shock

A40.0 Sepsis due to streptococcus, group A

A40.1 Sepsis due to streptococcus, group B

A40.3 Sepsis due to Streptococcus
pneumoniae

A40.8 Other streptococcal sepsis

A40.9 Streptococcal sepsis, unspecified

A41.0 Sepsis due to Staphylococcus aureus

Ad11 Sepsis due to other specified
staphylococcus

A41.2 Sepsis due to unspecified
staphylococcus

A41.3 Sepsis due to Haemophilus influenzae

Ad1.4 Sepsis due to anaerobes

A41.5 Sepsis due to other Gram-negative
organisms

A41.8 Other specified sepsis

A41.9 Sepsis, unspecified organism

ICD = International Classification of Diseases.

from which the sepsis cases were selected. The empirical
significance of the GIF test is measured by comparison
of the GIF statistic for the sepsis cases to the distribution
of the 1,000 control GIF statistics.

In addition to this GIF comparison, we also calcu-
lated a distant GIF (dGIF) statistic that is calculated
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similarly to the GIF but only considers more distant
relationships. This is performed by ignoring close pair-
wise relationships (first and second degree), among
whom common environment and risk factors could
hypothetically play a role in the observed familial clus-
tering. Specifically, although the GIF test includes ev-
idence for familial clustering that may not be due to
inheritance, the dGIF test hypothetically reduces the
impact of such environmental contributions and pro-
vides more robust evidence for an inherited contribu-
tion to familial clustering.

The contributions to the GIF statistic from various
genetic relationships observed among cases and con-
trols can be visualized by pairwise genetic distance
and can be compared for cases and the 1,000 control
sets (Fig. 1): a pairwise genetic distance of 1 represents
parent/offspring relationship; a distance of 2 represents
siblings, half siblings, or grandparent/grandchild; a
distance of 3 represents avunculars or great grand-
parent/great grandchild; a distance of 4 primarily rep-
resents primarily first cousins; a distance of 6 primarily
represents second cousins; and so forth.

We also estimated RRs of sepsis in relatives as a more
traditional test for a genetic contribution to a pheno-
type. To estimate RRs, we first estimated the cohort-
specific rate of sepsis in the entire population of all VHA
patients with linked genealogy. All 273,227 of the VHA
patients with deep genealogy were assigned to a sex and
10-year-birth year range cohort. Cohort-specific rates
of sepsis were estimated by dividing the total number
of sepsis cases in each cohort by the total number of
VHA patients with deep genealogy in the cohort. The
RRs for sepsis for each type of relative were estimated
as the observed number of sepsis cases in the set of rela-
tives, divided by the expected number of sepsis cases in
the set of relatives. The expected number of sepsis cases
in the set of relatives was calculated by summing the
cohort-specific rate of sepsis for all relatives. CIs and
significance were estimated as described in Agresti (7).

Finally, we constructed high-risk sepsis pedigrees by
analysis of ancestral vectors for all VHA sepsis patients;
this allowed the identification of all clusters of two or
more related sepsis patients with a common ancestor.
The subset of such pedigrees that exhibit a significant
excess of descendants diagnosed with sepsis over that
expected represents high-risk sepsis pedigrees. For
each sepsis pedigree identified, the observed number
of sepsis cases among the VHA-linked descendants
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TABLE 2.

International Classification of Diseases, 9th Edition and International Classification
of Diseases, 10th Edition Case Definitions for Sepsis Diagnosis Groups

Primary: Explicit

Code Version Sepsis Codes

Sepsis Case Definitions

Sensitivity 1: Primary + Sensitivity 2: Sensitivity 1 +

Sepsis, Unspecified All Septicemia Codes

ICD, 9th Edition, Clinical Modification 995.91, 995.92, 785.52 995.91, 995.92, 785.52

ICD, 10th Edition R65.20, R65.21

Total cases 4,666

995.91, 995.92, 785.52

790.7, 38.9
790.7, 38.9 38.0-38.8
R65.20, R65.21 R65.20, R65.21
A41.9 A41.9
A40.0-A41.89
7,805 8,689

ICD = International Classification of Diseases.

was compared with the expected number of sepsis
cases among the VHA-linked descendants (estimated
as described above using cohort-specific VHA sepsis

rates applied to VHA-linked descendants). Those pedi-
grees with a significant excess of sepsis cases among
the descendants (p < 0.05) were termed high risk.

0.03

0.025

0.02

0.015

contribution to the GIF statistic

W 4,666 VHA sepsis cases

0.01
0'005 I I I I I '
0 . .
1 2 3 4 5 6 7 8 9 10 11 12

pairwise genetic distance

m 1,000 sets of matched VHA controls

Figure 1. Contribution to the Genealogical Index of Familiality (GIF) statistic by pairwise genetic distance for sepsis cases compared

with controls. VHA = Veteran’s Health Affairs.
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The University of Utah Institutional Review Board
reviewed and approved this study (approval number
00031242).

RESULTS

There were 4,666 patients with sepsis in the VHA data
linked with deep genealogy for analyses. The sepsis
cases spanned from 2001 to 2018 were predominantly
male (96%) and 65 years old or older (80%).

GIF Excess Familial Clustering Analysis

Table 3 shows the results of the GIF analysis for ex-
cess familial clustering. The VHA patients diagnosed
with sepsis had significantly higher pairwise relatedness
than expected in the VHA-linked population (GIF p
= 0.028). Although the mean pairwise relatedness was
also higher for cases than matched controls when close
relationships (first and second degree) were ignored, the
difference was not significant (dGIF p = 0.217). In our
preplanned sensitivity analyses, where two more lib-
eral definitions of sepsis were used, similar results were
observed (Table 3).

Figure 1 shows the graphical representation of the
contribution to the GIF statistic by pairwise genetic dis-
tance for case pairs compared with control pairs for the
principle sepsis definition. The histogram for the controls
shows the expected distribution of the familial clustering
of individuals who are similar to the VHA sepsis cases
(matched for sex and birth year) from this population of
VHA patients with genealogy data available. In the pres-
ence of no excess familial clustering of the sepsis cases,
the histogram for the sepsis cases would align with that
for the controls. Instead, an excess of pairwise relation-
ships is observed for cases over controls for most genetic
distances, and the statistical comparison of this related-
ness concluded a significant excess for cases (p = 0.028).
Of note, because sepsis phenotypes are only available

TABLE 3.

in a narrow generational time window for which data
were available (from mid 1990s to 2016), close relation-
ships that cross generations (e.g., great grandfather/great
grandson) are not as commonly observed as those in the
same generation in the dataset (e.g., second cousins).

Relative Risks in Relatives

Table 4 shows the estimated observed versus expected
RRs for sepsis in the first- to fifth-degree relatives of
VHA sepsis patients who are VHA patients as well. For
our principle sepsis case definition, significantly elevated
risks were observed for sepsis among the first- and sec-
ond-degree relatives, but no significant risk differences
were observed for the third-, fourth-, and fifth-degree
relatives. In our preplanned sensitivity analyses, where
two more liberal definitions of sepsis were used, there is
a similar pattern of RR results, although significant ele-
vated risk was observed only for the fourth-degree rela-
tives for both sensitivity groups examined.

High-Risk Sepsis Pedigrees

The 4,666 VHA patients diagnosed with sepsis cluster into
1,876 clusters/pedigrees including between two and 12
related sepsis cases descending from the same ancestor.
None of the 1,876 sepsis pedigrees completely overlaps,
but some sepsis cases may be members of more than one
pedigree through different ancestors. Of the 1,876 sepsis
pedigrees identified, 628 have a significant excess of sepsis
cases among the descendants (p < 0.05). Figure 2 shows
an example of a mid-sized, high-risk VHA sepsis pedigree.

DISCUSSION

In this analysis, we used a large database of U.S. gene-
alogy linked to VHA health records, identifying 4,666
VHA patients diagnosed with sepsis whose deep an-
cestry is also known. The data demonstrate a familial

Results of the Genealogical Index of Familiality Test for Excess Familial Clustering

for Sepsis Phenotype

Case Definition n Case GIF Mean Control GIF GIFp CasedGIF Mean Case dGIF dGIFp
Primary 4,666 0.12 0.10 0.028 0.066 0.062 0.217
Sensitivity 1 9,273 0.11 0.10 0.026 0.064 0.061 0.149
Sensitivity 2 10,231 0.11 0.10 0.048 0.064 0.061 0.188
dGIF = Distant Genealogical Index of Familiality, GIF = Genealogical Index of Familiality.
Critical Care Explorations www.ccejournal.org 5
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TABLE 4.

Estimated Relative Risks in Veteran’s Health Affairs Patients Who Are First- to Fifth-Degree
Relatives of Affected Veterans Health Affairs Patients for Three Definitions of Sepsis

Observe/Expected Relative Risk (2-tailed 95% CI) p

Affection

Case Definition and Degree Relationship

Principle
First 1,465
Second 1,125
Third 2,061
Fourth 3,273
Fifth 6,815

Sensitivity 1
First 2,894
Second 2,127
Third 3,913
Fourth 6,118
Fifth 12,385

Sensitivity 2
First 3,170
Second 2,349
Third 4,298
Fourth 6,665
Fifth 13,508

36/26.0 1.39 (1.08-1.92) 0.05
28/18.6 1.50 (1.07-2.17) 0.04
28/35.7 0.78 (0.52-1.13) 0.21
69/56.7 1.22 (0.95-1.54) 0.10
123/117.0 1.05 (0.87-1.25) 0.61
119/100.6 1.18 (0.98-1.42) 0.07
75/68.2 1.10 (0.86-1.38) 0.43
152/132.7 1.15 (0.97-1.34) 0.10
252/209.4 1.20 (1.06-1.36) 0.003
435/420.1 1.04 (0.94-1.14) 0.48
141/120.9 1.17 (0.98-1.38) 0.069
82/82.7 0.99 (0.79-1.23) 0.96
182/160.0 1.14 (0.98-1.32) 0.09
300/250.9 1.20 (1.06-1.34) 0.002
510/507.3 1.01 (0.92-1.10) 0.91

clustering of sepsis cases with three types of analyses.
First, the GIF tests demonstrated an excess of related-
ness of sepsis cases when compared with randomly
selected controls. Second, the rates of sepsis among the
first- and second-degree relatives were higher than sex-
and birth year-specific rates for the linked VHA pop-
ulation examined. Third, we identified a substantial
number of pedigrees with a significant excess of sepsis
cases among the descendants. These three analyses are
complementary and combined, and provide strong ev-
idence for a shared genetic component predisposing to
infection and/or response to infection.

This analysis has both limitations and strengths.
Regarding limitations, the resource represents a popula-
tion of U.S. veterans with available genealogy data, which
was primarily male, older, and of Northern European
ancestry (a result of reduced availability of translated ge-
nealogy data for other populations). Race/ethnicity was
not available for the VHA patients for this study. Data
for race/ethnicity and other social determinants would
be a valuable addition to the VHA genealogy resource
and might be possible, for example, from combination

6 www.ccejournal.org

with the Million Veteran Program, which is collecting
additional data and generating genetic data for approx-
imately 1 million VHA patients. Additional limitations
include that the genealogy data have some censoring:
the entire U.S. population is not yet represented in the
genealogy, and it must be noted that genealogy data do
not always represent biological relationships. The sepsis
phenotype data must also be considered censored;
diagnoses in relatives who were not veterans or who
did not use the VHA health system, diagnoses in rela-
tives whose genealogy data were not linked, diagnoses
that were not noted in the medical record, and diagno-
ses before the VHA data collection began would all be
censored. Although this censoring is not expected to
result in biased estimates, the RR estimates likely rep-
resent underestimates of risk. Finally, we relied on ICD
coding to identify sepsis cases, a method that is specific
but not sensitive when compared with clinical data (3).
Although speculative, we would hypothesize that such
missed cases did not differ among cases and controls
and, therefore, introduced random error that would
tend to bias the results toward the null value.
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among close relatives.
Specifically, our GIF sta-
tistic demonstrated excess
relatedness among sepsis
cases, whereas the dGIE
which excludes close rela-
tives, only demonstrated a

N

N
& O
—

nonsignificant trend toward
excess relatedness. Again,
in our RR analyses, the
data demonstrated excess
risk among the first- and
second-degree  relatives.
This clustering can be due
to shared environmental
factors, genetic factors,
or a combination of both.
In the existing literature,
there is evidence for both
of these mechanisms with
known genetic variants as
well as evidence for social
determinants of health as-
sociated with sepsis risk. In
regard to the genetic vari-
ants associated with sepsis
risk, there is a 2019 meta-

Figure 2. Example Veteran’s Health Affairs (VHA) High-Risk Sepsis Pedigree. The female founder
was born in Tennessee in the early 1780s and has a total of 79 linked VHA patients among their
descendants (not all shown). A total of five sepsis cases were observed (full shading), with 1.4

expected (p=0.014).

There are also many strengths to this resource and
analysis. The extensive genealogy data and the iden-
tification of sepsis cases across the national VHA
system allowed identification of both close and distant
relationships among cases. Recall and ascertainment
biases typical to most studies of disease risk in relatives
were absent here. This resource and a similar resource
representing the genealogy of Utah, as well as the
analysis methods used, have been well validated, with
numerous analyses of health-related phenotypes and
identification of high-risk pedigrees already leading to
predisposition gene identifications for some disorders.

In the context of these strengths and limitations of the
dataset, we interpret these findings as robust evidence of
familial clustering of sepsis. The evidence was strongest
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analysis that summarizes
the current literature (8).
In summary, the authors
performed 204 meta-anal-
yses on 76 genetic variants,
identifying 29 variants of
23 genes associated with sepsis risk. These variants in-
volved genes for pathogen-recognition receptor mol-
ecules, pro- and anti-inflammatory cytokines, and other
immune-related molecules (8). A similar finding was
demonstrated in a more recent study in the Norwegian
population (9). Additionally, an older article examin-
ing risks in biological and adoptive children supported
heritability of the risk of death from infection (10). In
regard to social determinants of sepsis, there are sev-
eral studies that have demonstrated links between so-
cioeconomic status and infections, and we conducted
a large U.S. longitudinal study demonstrating that so-
cioeconomic factors were among some of the strongest
risk factors for septicemia death (11-15). This link has
been further highlighted during the current COVID-19
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pandemic with data demonstrating higher case and fa-
tality rates associated with areas of lower socioeconomic
status (16). Overall, with the totality of current know-
ledge about sepsis, it is most likely that causality is a
complicated web including genetic, socioeconomic, and
behavioral risk factors. This is likely to be expected in
a condition with a complicated chain of events starting
with a myriad of diverse pathogens contagious through
different pathways that can infect various organ sys-
tems and cause multiple patterns of distant organ dys-
functions through dysregulated systemic inflammatory
responses. Although this web will not be untangled by
one study, our current analysis adds to the expanding
literature regarding sepsis risk by demonstrating there
is familial clustering that can be another steps toward
identifying more specific causal pathways.

The identification of numerous pedigrees exhibiting a
significant excess of sepsis among the descendants pro-
vides a powerful and informative resource for predispo-
sition gene identification that would be complementary
to genome-wide association studies. Studies of high-risk
pedigrees recruited in the similar Utah genealogy re-
source have allowed the identification of multiple disease
predisposition genes and variants (17-27). Identification
of genes responsible for sepsis could allow for significantly
reduced morbidity and mortality and provide knowledge
to improve screening, prevention, and treatment.

CONCLUSIONS

Our study provides robust evidence for familial clus-
tering of sepsis. This describes important founda-
tional information and identifies a powerful resource
of high-risk pedigrees for further investigations into
the genetic variants responsible and untangling their
inheritance patterns in order to discover information
that may help in the surveillance, prevention, and early
treatment of sepsis in particular risk groups.
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