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IMPORTANCE Several lines of evidence support low plasma transthyretin concentration as
an in vivo biomarker of transthyretin tetramer instability, a prerequisite for the development
of both wild-type transthyretin cardiac amyloidosis (ATTRwt) and hereditary transthyretin
cardiac amyloidosis (ATTRm). Both ATTRm and ATTRwt cardiac amyloidosis may manifest
as heart failure (HF). However, whether low plasma transthyretin concentration confers
increased risk of incident HF in the general population is unknown.

OBJECTIVE To evaluate whether low plasma transthyretin concentration is associated with
incident HF in the general population.

DESIGN, SETTING, AND PARTICIPANTS This study included data from 2 similar prospective
cohort studies of the Danish general population, the Copenhagen General Population Study
(CGPS; n = 9582) and the Copenhagen City Heart Study (CCHS; n = 7385). Using these data,
first, whether low concentration of plasma transthyretin was associated with increased risk
of incident HF was tested. Second, whether genetic variants in TTR associated with increasing
tetramer instability were associated with lower transthyretin concentration and with higher
risk of HF was tested. Data were collected from November 2003 to March 2017 in the CGPS
and from November 1991 to June 1994 in the CCHS; participants from both studies were
observed for survival time end points until March 2017. Data were analyzed from March to
June 2019.

EXPOSURES Transthyretin concentration at or below the 5th percentile, between the 5th and
95th percentile (reference), and greater than the 95th percentile; genetic variants in TTR.

MAIN OUTCOME AND MEASURE Incident HF identified using the Danish National Patient
Registry.

RESULTS Of 9582 individuals in the CGPS, 5077 (53.0%) were women, and the median
(interquartile range [IQR]) age was 56 (47-65) years. Of 7385 individuals in the CCHS,
4452 (60.3%) were women, and the median (IQR) age was 59 (46-70) years. During a
median (IQR) follow-up of 12.6 (12.3-12.9) years and 21.7 (11.6-23.8) years, 441 individuals
(4.6%) in the CGPS and 1122 individuals (15.2%) in the CCHS, respectively, developed HF.
Baseline plasma transthyretin concentrations at or below the 5th percentile were associated
with incident HF (CGPS: hazard ratio [HR], 1.6; 95% CI, 1.1-2.4; CCHS: HR, 1.4; 95% CI, 1.1-1.7).
Risk of HF was highest in men with low transthyretin levels. Compared with p.T139M,
a transthyretin-stabilizing variant, TTR genotype was associated with stepwise lower
transthyretin concentrations for wild-type TTR (−16.5%), p.G26S (−18.1%), and heterozygotes
for other variants (p.V142I, p.H110N, and p.D119N; −30.8%) (P for trend <.001). The
corresponding HRs for incident HF were 1.14 (95% CI, 0.57-2.28), 1.29 (95% CI, 0.64-2.61),
and 2.04 (95% CI, 0.54-7.67), respectively (P for trend = .04).

CONCLUSIONS AND RELEVANCE In this study, lower plasma and genetically determined
transthyretin concentrations were associated with a higher risk of incident HF, suggesting
a potential mechanistic association between low transthyretin concentration as a marker
of tetramer instability and incident HF in the general population.
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T ransthyretin is one of several proteins that can cause
amyloidosis, a postsecretory protein folding disorder.
The hallmark of amyloidosis is the extracellular matrix

deposition of amyloid fibrils locally or throughout the body.1

Deposited fibrils are cytotoxic and disrupt cellular structure,
with time leading to failure of affected organs.2 Transthyre-
tin amyloidosis with cardiac involvement is the most com-
mon phenotype of transthyretin amyloidosis and is increas-
ingly recognized as an important contributor to heart failure
(HF) and mortality in older individuals.3-5 In the US, rates
of cardiac amyloidosis among hospitalized patients have
increased since 2000, suggesting improved awareness and
higher diagnostic rates with noninvasive imaging.4,5 In 2012,
the incidence rate was 17 per 100 000 person-years and the
prevalence was 55 per 100 000 person-years.5

Nevertheless, transthyretin cardiac amyloidosis remains
heavily underdiagnosed because of unawareness of the dis-
ease or misdiagnosed because it may mimic hypertrophic car-
diomyopathy or ischemic heart disease. It is also prevalent but
often unrecognized in older individuals with severe aortic ste-
nosis undergoing transcatheter aortic valve replacement.2,6-8

The prevalence of transthyretin cardiac amyloidosis is there-
fore uncertain in the general population, and to our knowl-
edge, no biomarkers are available to inform future cardiac
involvement in initially asymptomatic individuals.

We tested the hypothesis that low plasma transthyretin con-
centration is associated with incident HF in the general popula-
tion.Therationalerestsontheassumptionthatlowplasmatrans-
thyretin concentration is an in vivo biomarker of transthyretin
tetramer instability,9 a prerequisite for the development of both
wild-type transthyretin cardiac amyloidosis (ATTRwt) and
hereditary transthyretin cardiac amyloidosis (ATTRm).10-18

Methods
Setting, Study Population, and Outcome
We included 16 967 participants with consecutively ascer-
tained plasma transthyretin concentration in 2 similar prospec-
tive studies of the Danish general population: the Copenhagen
General Population Study (CGPS; the discovery cohort) and the
Copenhagen City Heart Study (CCHS; the replication cohort).
We excluded individuals with prevalent HF (148 in CGPS and
66 in CCHS) or with high-sensitivity C-reactive protein (hsCRP)
levels of 10 mg/dL (to convert to milligrams per liter, multiply
by 10) or greater (452 in CGPS and 408 in CCHS; transthyretin
is an inverse acute-phase reactant19) at baseline from both stud-
ies. Studies were approved by institutional review boards and
Danish ethical committees (KF-100-2039/91 and H-KF-01-144/
01) and conducted according to the Declaration of Helsinki.
Written informed consent was obtained from all participants.
All participants were White and of Danish descent. This study
followed the Strengthening the Reporting of Observational Stud-
ies in Epidemiology (STROBE) reporting guideline.

CGPS
The CGPS was initiated in November 2003 with ongoing en-
rollment. Individuals were selected using the national Dan-

ish Civil Registration System to reflect the adult Danish popu-
lation aged 20 to 100 years or older. Data were obtained from
a self-administered questionnaire, a physical examination, and
a blood test. At the physical examination, questionnaires were
reviewed by the staff in collaboration with the participant.20-22

This discovery cohort comprised a random subsample of 9582
individuals with measured baseline plasma transthyretin lev-
els. Median (range) follow-up was 13 (less than 1 to 13) years.

CCHS
The CCHS was initiated in 1976-1978, with follow-up exami-
nations in 1981-1983, 1991-1994, and 2001-2003.20,23 Partici-
pants were recruited and examined as in the CGPS. This
replication cohort comprised all 7385 participants in the 1991-
1994 examination with measured baseline plasma transthy-
retin levels. Median (range) follow-up was 22 (less than 1 to
25) years.

End Point Definition
Information on diagnoses of HF (International Classification
of Diseases, Eighth Revision [ICD-8] codes 427.09, 427.10, and
427.11 from 1978 to 1993; ICD-10 codes I50.0, I50.1, and I50.9
from 1994 onwards) was collected by reviewing all hospital
admissions and diagnoses entered in the Danish National
Patient Registry. The Danish National Patient Registry has
information on all patient contacts with all clinical hospital de-
partments and outpatient clinics in Denmark, including emer-
gency wards (from 1994). A registry diagnosis of HF has pre-
viously been demonstrated to have a specificity of 99% and a
positive predictive value of 81% compared with the European
Society of Cardiology HF criteria.24

Plasma Transthyretin Concentration
and Other Covariates
In both studies, transthyretin was measured on frozen samples
stored at −80 °C. In the CGPS, a commercially available im-
munoturbidimetric assay (Cobas; Roche Diagnostics), with a
reported measuring range of 3 to 80 mg/dL and a 95% refer-
ence interval of 20 to 40 mg/dL, was used. In the CCHS, a hu-
man transthyretin double antibody sandwich enzyme-linked
immunosorbent assay (ICL E-80PRE; Dunn Labortechnik), with
a reported measuring range of greater than 3.0 to 100.0 mg/

Key Points
Question Is low plasma transthyretin, which can be indicative
of transthyretin protein misfolding, associated with incident
heart failure (HF) in the general population?

Findings In 2 cohort studies of the general population
including 16 967 individuals, transthyretin levels at or below the
5th percentile were associated with incident HF compared with
levels in the 5th to 95th percentile. Genetic variants in TTR were
also associated with lower transthyretin concentrations and
higher risk of incident HF in these 2 cohort studies.

Meaning Low plasma transthyretin may be a risk factor for HF
in the general population.
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dL, was used. The latter method has a smaller minimum re-
quired sample volume and was chosen because of low remain-
ing sample volumes from the CCHS 1991-1994 visits. For both
assays, the median coefficient of variation was 3%.

Covariates for baseline characteristics, chosen based on
current literature suggesting an association with plasma trans-
thyretin concentrations and/or risk of HF, were as follows: age,
sex, body mass index, diabetes, lipid-lowering therapy, smok-
ing, alcohol intake, physical inactivity, cholesterol, triglycer-
ides, previous myocardial infarction, hypertension, albumin,
alanine transaminase, creatinine, and hsCRP.19,25,26 Further de-
tails on the plasma transthyretin assays and the definitions of
covariates are included in the eAppendix in the Supplement.

Genotyping
A total of 16 653 individuals (98.1%) with measured transthy-
retin concentration from the CGPS (n = 9559) and CCHS
(n = 7094) were genotyped with the Illumina Human Exome
BeadChip (containing approximately 421 168 primarily protein-
altering genetic variants). All nonsynonymous variants in TTR
identified in the CGPS and CCHS were verified by TaqMan-
based assays (p.G26S [rs1800458 G>A]) or by Sanger sequenc-
ing (p.H110N [rs121918074 C>A]; p.D119N [rs76410435 G>A];
p.T139M [rs28933981 C>T]; and p.V142I [rs76992529 G>A]). For
legacy nomenclature of TTR variants, 20 amino acids should
be subtracted from each variant.

Statistical Analyses
To focus on extreme levels, individuals were partitioned in per-
centiles of plasma transthyretin concentration: the 5th per-
centile or lower, the 5th to 95th percentile (reference), and
higher than the 95th percentile. Baseline characteristics were
compared across the 3 plasma transthyretin groups using the
Kruskal-Wallis test for continuous variables and the χ2 test for
categorical variables. Sequential multivariable models in-
cluded (1) age and sex; (2) all baseline covariates that signifi-
cantly differed across transthyretin percentiles (age, sex, body
mass index, diabetes, lipid-lowering therapy, hypertension,
smoking [pack-years], alcohol intake, and plasma levels of
alanine transaminase, albumin, cholesterol, triglycerides, and
creatinine); and (3) all baseline covariates that significantly
differed plus hsCRP level (Table 1).

The baseline characteristics most associated with plasma
transthyretin concentrations were identified by normalized
regression coefficients with bootstrapped 95% CIs. Hazard ra-
tios (HRs) for incident HF according to baseline plasma trans-
thyretin level were computed by Cox regression. The nonpara-
metric Aalen-Johansen estimator was used to obtain absolute
probabilities of HF as a function of years since blood testing
(using all-cause mortality as a competing event). Several sen-
sitivity analyses, described in the eAppendix in the Supple-
ment, were performed to evaluate model dependencies of
our findings.

In genetic analyses, we defined the exposure allele for each
of the TTR variants, p.G26S, p.H110N, p.D119N, and p.V142I,
as the allele associated with lower transthyretin concentra-
tion (rs1800458 A-allele; rs121918074 A-allele; rs76410435
A-allele; rs76992529 A-allele, respectively), using heterozy-

gotes for rs28933981 (p.T139M), the variant with the highest
TTR stability, as the reference group. The p.T139M TTR
variant has been shown to stabilize both wild-type transthy-
retin tetramers and tetramers comprising variant and wild-
type subunits and thereby has been shown to prevent
amyloidogenesis.10-12,27,28 We used Cox regression to exam-
ine the association between genetically lower transthyretin
concentration and incident HF. Significance was set at a P value
less than .05, and all P values were 2-tailed. Statistical analy-
ses were performed in Stata version 14 (StataCorp) and SAS
version 9.4 (SAS Institute).

Results
Of 9582 individuals in the CGPS, 5077 (53.0%) were women,
and the median (interquartile range [IQR]) age was 56 (47-65)
years. Of 7385 individuals in the CCHS, 4452 (60.3%) were
women, and the median (IQR) age was 59 (46-70) years. The
median (IQR) transthyretin concentration was 28.7 (24.9-
32.9) mg/dL and 23.1 (19.1-28.2) mg/dL in the CGPS and CCHS,
respectively. The distribution was near normal in both stud-
ies (Figure 1).

Determinants of Plasma Transthyretin Concentration
at Baseline
As shown in Table 1, participants in CGPS with plasma trans-
thyretin levels at or below the 5th percentile were older, more
often female, and had less cardiovascular risk factors (lower
body mass index and lower prevalence of diabetes, prior myo-
cardial infarction, statin use, hypertension, and smoking) than
those with levels higher than the 5th percentile. Individuals
with plasma transthyretin levels at or below the 5th percen-
tile also had characteristics indicative of worse nutritional sta-
tus (lower levels of albumin, cholesterol, triglycerides, and cre-
atinine) and had higher hsCRP values. Results in CCHS were
similar (Table 1). Ranked by normalized regression coeffi-
cients, plasma triglyceride level was the single most impor-
tant covariable for baseline transthyretin concentrations in both
CGPS and CCHS (eFigure 1 in the Supplement). Men had higher
transthyretin concentrations than women but displayed a
steeper age-related decline after age 55 years (eFigure 2 in the
Supplement). Conversely, concentrations of other liver-
derived proteins, like albumin and hsCRP, were highest in men
and women, respectively, until approximately age 60 and
40 years and after that similar in both sexes (eFigure 2 in
the Supplement).

Association of Plasma Transthyretin Concentrations
With Incident HF
During a median (IQR) follow-up of 12.6 (12.3-12.9) years
(114 263 person-years) in the CGPS, of 9582 included individu-
als, there were 441 cases (4.6%) of incident HF (Table 2). Lower
plasma transthyretin concentration was associated with inci-
dent HF (Figure 1).

In multivariable adjusted analyses, compared with indi-
viduals with transthyretin concentrations between the 5th and
95th percentile, those with concentrations at or below the 5th
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percentile had an HR of 1.6 (95% CI, 1.1-2.4) for incident HF,
while there was no detectable difference between those with
transthyretin levels higher than the 95th percentile com-
pared with the reference group (Table 2). Adding hsCRP to the
model only minimally attenuated these estimates (Table 2). Im-
portantly, results were similar when 2534 individuals with
known variants in TTR were excluded (eTable 1 in the Supple-
ment). Natural cubic spline analyses confirmed that the low-
est transthyretin concentrations were associated with the
highest risk of HF (Figure 1).

In CCHS, 7385 individuals were included; of these, 4452
(60.3%) were women, and the median (IQR) age was 59 (46-
70) years. A total of 1122 (15.2%) developed incident HF dur-
ing a median (IQR) follow-up of 21.7 (11.6-23.8) years (130 071
person-years). As in CGPS, a lower plasma transthyretin con-
centration was associated with incident HF in CCHS (Figure 1),
and multivariable Cox regression analyses demonstrated a simi-
lar association between plasma transthyretin concentration at

or below the 5th percentile and incident HF (HR, 1.4; 95% CI,
1.1-1.7) (Table 2).

Sensitivity Analyses
In joint analyses of the CGPS and the CCHS cohorts
(N = 16 967), individuals with hsCRP levels of 0.3 mg/dL or
less and transthyretin concentrations at or below the 5th
percentile had a multivariable HR of 1.4 (95% CI, 1.1-1.8) for
HF, which was marginally attenuated among those with
hsCRP concentrations between 0.3 and 1.0 mg/dL (eTable 2
in the Supplement). Conversely, there was no detectable
increase in the risk of HF among those with transthyretin
concentrations greater than the 95th percentile in either
stratum of hsCRP concentrations (eTable 2 in the Supple-
ment). These findings were supported in natural cubic spline
analysis (eFigure 3 in the Supplement).

In a combined analysis of both CGPS and CCHS, the cu-
mulative incidence of HF as a function of years since the blood

Table 1. Baseline Characteristics of Individuals in the Copenhagen General Population Study
and the Copenhagen City Heart Study by Transthyretin Percentile

Characteristic

Median (IQR)

Copenhagen General Population Study (n = 9582) Copenhagen City Heart Study (n = 7385)
≤5th
Percentile
(n = 468)

>5th-95th
Percentile
(n = 8643)

>95th
Percentile
(n = 471) P valuea

≤5th
Percentile
(n = 365)

>5th-95th
Percentile
(n = 6654)

>95th
Percentile
(n = 366) P valuea

Transthyretin concentration,
mg/dL

7.0-19.0 19.1-40.8 40.9-77.7 <.001 1.0-14.4 14.5-38.0 38.1-86.7 <.001

Clinical parameters

Age, y 55 (46-67) 56 (47-65) 52 (46-61) <.001 66 (54-73) 59 (46-70) 53 (42-62) <.001

Female, No. (%) 335 (71.6) 4639 (53.7) 103 (21.9) <.001 251 (68.7) 4052 (60.9) 149 (40.7) <.001

BMIb 25.5
(23.0-28.7)

25.6
(23.3-28.4)

27.1
(24.8-29.8)

<.001 24.6
(21.6-28.4)

24.9
(22.5-28.0)

25.3
(23.1-28.1)

.05

Diabetes, No. (%) 40 (8.6) 591 (6.8) 63 (13.4) <.001 46 (12.6) 674 (10.1) 51 (13.9) .03

Prior MI, No. (%) 11 (2.4) 181 (2.1) 13 (2.8) .59 5 (1.4) 157 (2.4) 7 (1.9) .42

Statin, No. (%) 24 (5.1) 519 (6.0) 53 (11.3) <.001 3 (0.8) 60 (0.9) 5 (1.4) .60

Hypertension, No. (%)c 261 (55.8) 4503 (52.1) 302 (64.1) <.001 191 (52.3) 3101 (46.6) 152 (41.5) .01

Smoking, pack-years 6 (0-26) 6 (0-25) 12 (0-27) .02 18 (0-38) 13 (0-30) 14 (1-31) <.001

Alcohol, U/wkd 6 (2-14) 9 (4-16) 14 (6-23) <.001 4 (1-11) 6 (2-12) 11 (4-20) <.001

Physical inactivity, No. (%)e 281 (60.0) 4745 (54.9) 266 (56.5) .08 265 (72.6) 4358 (65.5) 230 (62.8) <.001

Biomarkers

ALT, U/L 19 (14-27) 21 (16-28) 29 (22-41) <.001 12 (9-17) 13 (9-18) 14 (10-20) .38

Albumin, g/dL 4.11
(3.86-4.36)

4.23
(4.00-4.48)

4.36
(4.13-4.62)

<.001 3.09
(2.98-3.21)

3.21
(3.09-3.33)

3.28
(3.17-3.41)

<.001

Cholesterol, mg/dL 204.6
(174.7-231.6)

216.2
(193.0-247.0)

235.5
(208.4-262.5)

<.001 222.0
(193.0-266.3)

235.5
(204.6-270.2)

239.3
(208.4-270.2)

<.001

Triglycerides, mg/dL 97.4
(73.5-139.8)

129.2
(89.4-187.6)

308.9
(214.2-434.5)

<.001 113.7
(84.5-158.4)

132.8
(94.7-192.0)

167.3
(103.5-266.4)

<.001

Creatinine, mg/dL 0.87
(0.80-0.96)

0.90
(0.81-0.99)

0.94
(0.85-1.04)

<.001 0.97
(0.87-1.07)

1.01
(0.92-1.11)

1.06
(0.97-1.15)

<.001

hsCRP, mg/dL 0.18
(0.09-0.41)

0.13
(0.06-0.28)

0.12
(0.07-0.25)

<.001 0.20
(0.13-0.35)

0.17
(0.12-0.26)

0.15
(0.11-0.22)

<.001

Abbreviations: ALT, alanine transaminase; BMI, body mass index; hsCRP,
high-sensitivity C-reactive protein; IQR, interquartile range; MI, myocardial
infarction.

SI conversion factors: To convert ALT to microkatals per liter, multiply by
0.0167; albumin to grams per liter, multiply by 10; cholesterol to millimoles per
liter, multiply by 0.0259; triglycerides to millimoles per liter, multiply by 0.0113;
creatinine to micromoles per liter, multiply by 88.4; hsCRP to milligrams per
liter, multiply by 10.
a P values reflect one-way analysis of variance or the Kruskal-Wallis test for

continuous variables and χ2 test for categorical variables.
b Calculated as weight in kilograms divided by height in meters squared.
c Hypertension was defined as systolic blood pressure of 140 mm Hg or greater,

diastolic blood pressure of 90 mm Hg or greater, and/or self-reported use of
antihypertensive medication.

d One unit of alcohol equals 12 g.
e Less than 4 hours’ light leisure time physical activity per week.
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test (baseline) was increased in individuals with transthyre-
tin concentrations at or below the 5th percentile compared with
those with levels between the 5th and 95th percentile and
greater than the 95th percentile (Figure 2). These results were
more pronounced in men (eFigure 4 in the Supplement). Omit-
ting 363 individuals with HF within the first 5 years since blood
testing did not materially alter the results (eTable 3 and eFig-
ure 3 in the Supplement). Plasma transthyretin concentra-
tions at or below the 5th percentile had a maximum prognos-
tic correlate to incident HF occurring between ages 65 to 70
years (eFigure 5 in the Supplement).

eTable 4 in the Supplement shows the risk of nonisch-
emic HF, defined as individuals who had not experienced an
antecedent ischemic event (a myocardial infarction or percu-

taneous coronary intervention and/or coronary artery bypass
grafting prior to an HF diagnosis), and ischemic HF in indi-
viduals with plasma transthyretin concentrations at or below
the 5th percentile or higher than the 95th percentile. The main
difference was that extremely low as opposed to extremely
high plasma transthyretin concentration was associated with
risk of ischemic HF not explained by Framingham risk score
components.

In CCHS (n = 3891), lower plasma transthyretin concen-
tration was associated with higher N-terminal pro–B-type na-
triuretic peptide values in those 64 years and older (median
value in CCHS) but not in those younger than 64 years (eFig-
ure 6 in the Supplement). In both CGPS and CCHS combined,
baseline plasma transthyretin concentration at or below the

Figure 1. Risk of Incident Heart Failure by Plasma Transthyretin Levels in 9582 Individuals in the Copenhagen General Population Study
and 7385 Individuals in the Copenhagen City Heart Study
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Table 2. Risk of Heart Failure (HF) in Individuals in the Copenhagen General Population Study
and the Copenhagen City Heart Study by Transthyretin Percentile at Baseline

Characteristic

HR (95% CI)

≤5th Percentile >5th-95th Percentile >95th Percentile
Copenhagen General Population Study

No. 468 8643 471

Incident HF, No. (%) 32 (6.8) 387 (4.5) 22 (4.7)

Covariates

Age and sexa 1.7 (1.2-2.5) 1 [Reference] 1.3 (0.9-2.1)

Age, sex, and hsCRPb 1.6 (1.1-2.3) 1 [Reference] 1.4 (0.9-2.1)

Multivariable without hsCRPc 1.6 (1.1-2.4) 1 [Reference] 1.2 (0.8-2.0)

Multivariable with hsCRPd 1.6 (1.1-2.3) 1 [Reference] 1.3 (0.8-2.1)

Copenhagen City Heart Study

No. 365 6654 366

Incident HF, No. (%) 76 (20.8) 991 (14.9) 55 (15.0)

Covariates

Age and sexa 1.5 (1.2-1.9) 1 [Reference] 1.2 (0.9-1.5)

Age, sex, and hsCRPb 1.4 (1.1-1.8) 1 [Reference] 1.2 (0.9-1.6)

Multivariable without hsCRPc 1.4 (1.1-1.7) 1 [Reference] 1.2 (0.9-1.6)

Multivariable with hsCRPd 1.3 (1.1-1.7) 1 [Reference] 1.2 (0.9-1.6)

Abbreviations: HR, hazard ratio;
hsCRP, high-sensitivity C-reactive
protein.
a Adjusted by age and sex.
b Adjusted by age, sex, and

log-transformed hsCRP level.
c Adjusted by age, sex, body mass

index, lipid-lowering therapy,
hypertension, alcohol intake,
smoking (pack-years), physical
inactivity, alanine transaminase
level, albumin level, cholesterol
level, triglycerides level, and
creatinine level.

d Adjusted by age, sex, body mass
index, lipid-lowering therapy,
hypertension, alcohol intake,
smoking (pack-years), physical
inactivity, alanine transaminase
level, albumin level, cholesterol
level, triglycerides level, creatinine
level, and log-transformed
hsCRP level.
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5th percentile was not associated with spinal stenosis, carpal
tunnel syndrome, or biceps tendon rupture; however, the total
number of events was low (eTable 5 in the Supplement). There
were only 6 cases of amyloidosis diagnosed and documented
by ICD coding in both studies combined.

Genetic Analyses
There were 23 nonsynonymous variants in TTR on the
Illumina Human Exome BeadChip, of which 15 were not re-
ported in gnomAD (0/251 000-300 000 alleles)29 in non-
Finnish European individuals nor identified in our study. Five
of the remaining 8 variants were identified in participants in
CGPS and CCHS (p.G26S [rs1800458 G>A]; p.H110N
[rs121918074 C>A]; p.D119N [rs76410435 G>A]; p.T139M
[rs28933981 C>T]; and p.V142I [rs76992529 G>A]). Baseline
characteristics in CGPS and CCHS as a function of TTR vari-
ants are shown in eTables 6 and 7 in the Supplement. Four vari-
ants were identified in a total of 87 heterozygotes (87 of 16 653
individuals genotyped [0.5%]), each with varying degrees of
transthyretin tetramer stability: p.T139M (n = 75), p.H110N
(n = 6), p.D119N (n = 5), and p.V142I (n = 1). Of these variants,
p.T139M is a known transthyretin tetramer–stabilizing vari-
ant, which has a higher combined stability score than wild-
type variants and is associated with an approximate 20% in-
crease in transthyretin concentration.12,27 p.G26S is the only
common nonsynonymous variant in TTR (minor allele fre-
quency, 0.07) in non-Finnish European individuals and has
a lower combined stability score than wild-type variants.27

p.V142I also has a lower combined stability score than wild-
type variants and is known to cause late-onset cardiac
amyloidosis.27 This variant is typically seen in African Ameri-
can individuals.30 p.D119N has previously been reported to
have a combined stability score comparable with wild-type
variants and has been assumed to be benign based on a single
report.31 It is unknown whether p.H110N is amyloidogenic, and

to our knowledge, a stability score has not been reported.32,33

Another variant in the same codon, p.H110D (H90D), has re-
cently been shown to be associated with familial amyloid
polyneuropathy.34

Using heterozygotes for p.T139M, the most stable vari-
ant, as the reference group, we observed a stepwise reduc-
tion in transthyretin concentration, from a median (IQR) of 32.1
(25.6-37.2) mg/dL in p.T139M heterozygotes, to 26.8 (22.1-
31.6) mg/dL in wild-type variants (−16.5% compared with
p.T139M variant), 26.3 (21.9-30.9) mg/dL in the p.G26S vari-
ant (−18.1% compared with p.T139M variant), 22.7 (21.6-25.7)
mg/dL in the p.D119N variant (−29.3% compared with p.T139M
variant), 21.3 (14.6-24.9) mg/dL in the p.H110N variant (−33.6%
compared with p.T139M variant), and 19.8 mg/dL in the p.V142I
variant (−38.3% compared with p.T139M variant) (P for
trend < .001) (eFigure 7 in the Supplement). Because the lat-
ter 3 variants were associated with lower transthyretin con-
centration than both wild-type and p.G26S variants and be-
cause they were relatively rare, we combined these into a single
category (other variants [n = 12]; median [IQR], 22.2 [18.2-
25.0] mg/dL; −30.8% compared with p.T139M variant). The cor-
responding HRs for HF were 1.14 (95% CI, 0.57-2.28) for wild-
type variants, 1.29 (95% CI, 0.64-2.61) for the p.G26S variant,
and 2.04 (95% CI, 0.54-7.67) for other variants (P for
trend = .04) (Figure 3). Thus, risk of HF increased with de-
creasing transthyretin concentration and largely with increas-
ing instability of variants (p.T139M, wild-type, p.G26S, p.V142I),
suggesting an association between lower plasma transthyre-
tin concentration as a marker of increasing tetramer instabil-
ity and risk of HF. In support, risk of HF as a function of geno-
type was attenuated after adjustment for transthyretin
concentration (eTable 8 in the Supplement).

Discussion
The main novel findings of this study are that lower plasma
concentrations and genetically determined transthyretin con-
centrations are both associated with a higher risk of incident
HF in the general population. These results support an asso-
ciation between low transthyretin concentration as a marker
of tetramer instability and increased risk of incident HF. This
is clinically important because, to our knowledge, there are cur-
rently no biomarkers that inform on future risk of ATTR car-
diac amyloidosis and because of the recent development of
drugs that improve the prognosis, if initiated early.9,35-37

The rationale for testing whether low plasma transthyre-
tin level is associated with HF in the general population is sup-
ported by 2 key observations in previous studies: (1) genetic
testing in patients with hereditary ATTRm cardiac amyloido-
sis has shown that destabilizing TTR variants lead to low trans-
thyretin levels and stabilizing TTR variants lead to high trans-
thyretin levels; and (2) ATTRm cardiac amyloidosis and
especially ATTRwt cardiac amyloidosis are important con-
tributors to risk of HF. This provided the framework for our hy-
pothesis that low plasma transthyretin concentration, when
adjusted for potential confounders (age, sex, markers of nu-
tritional status, and inflammation), is an in vivo biomarker of

Figure 2. Cumulative Incidence of Heart Failure as a Function of Years
Since Blood Testing Stratified by Transthyretin Percentile
in 16 967 Individuals From the Copenhagen General Population Study
and the Copenhagen City Heart Study
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transthyretin tetramer instability, and hence low plasma trans-
thyretin level is associated with increased risk of incident HF
in the general population.

Several lines of evidence support tetramer instability as
a prerequisite for the development of both ATTRwt and
ATTRm cardiac amyloidosis.10-18 First, rare destabilizing vari-
ants in the transthyretin gene (TTR), which destabilize trans-
thyretin tetramers, are associated with ATTRm cardiac amy-
loidosis, and heterozygotes for these variants have less than
normal plasma transthyretin concentrations.9 Conversely, car-
riers of TTR variants that stabilize transthyretin tetramers have
approximately 20% higher plasma transthyretin concentra-
tions than noncarriers and may extend lifespan by 5 to 10
years.12 Furthermore, in patients with ATTRm cardiac amy-
loidosis due to a well-known tetramer destabilizing variant,
the simultaneous presence of either of 2 stabilizing variants
leads to higher plasma transthyretin concentrations and a fa-
vorable disease course.10 Importantly, because such genetic
data, as opposed to observational data, are not prone to con-
founding or reverse causation,38 these data suggest an asso-
ciation between low plasma transthyretin concentration, trans-
thyretin tetramer instability, and amyloidogenesis. In support
of a similar pathogenesis for ATTRwt cardiac amyloidosis, pa-
tients with ATTRwt cardiac amyloidosis tend to have lower than
normal plasma transthyretin concentrations.39 Second, higher
plasma transthyretin concentration is independently associ-
ated with survival in patients with ATTRwt cardiomyopathy.16

Third, treatment with transthyretin stabilizers increases trans-
thyretin concentrations in patients with both ATTRm and
ATTRwt cardiomyopathy.9,16

It can be argued that the fact that women have lifelong lower
baseline transthyretin concentrations than men goes against our
hypothesis that low transthyretin concentrations can lead to HF
because of amyloidosis. However, the lower transthyretin con-
centrations in women compared with men are most likely be-
cause of a lifelong lower production of transthyretin from the
liver, since women are not born with unstable transthyretin
tetramers. This is also the reason why women account for 72%
of individuals at or below the 5th percentile of transthyretin con-
centration in the unadjusted baseline characteristics. In addition
to sex, transthyretin at baseline is confounded by age and mark-
ers of nutritional and inflammatory status. Therefore, in obser-
vational analyses of risk of HF as a function of transthyretin level
in the present study, we adjusted for these confounders in our
multivariable analyses. In sex-stratified analyses, the cumula-
tive incidence of HF as a function of years since blood testing
at baseline was highest in men with the lowest transthyretin con-
centration, in agreement with current knowledge that transthy-
retinamyloidosisoccursmostlyinoldermen.Interestingly,trans-
thyretin decreased with age in men starting at age 55 years but
was stable in women. Therefore, one might speculate that de-
stabilization of wild-type transthyretin tetramers increases more
commonly in men compared with women, thereby resulting in
lowering of plasma transthyretin concentration.

Unadjusted transthyretin concentrations are not directly
comparable between different studies, first because unad-
justed transthyretin concentrations are confounded by age, sex,
and markers of nutritional and inflammatory status and sec-

ond because different methods may be used to measure trans-
thyretin concentration.16,40 Taken together, this underscores
the importance of considering individual characteristics when
interpreting plasma transthyretin levels.

In both studies, high triglyceride levels were by far the single
most important factor for transthyretin concentration. Alco-
hol intake, a well-known risk factor for high triglyceride levels,
has previously been shown to correlate with transthyretin lev-
els in a dose-dependent manner in healthy volunteers in both
men and women independent of nutritional status and, in func-
tional studies, to directly induce upregulation of transthyretin
mRNA of liver tissues in ethanol-treated mice in vivo and up-
regulation of transthyretin mRNA and protein expression in
ethanol-treated HepG2 cells in vitro.41 High transthyretin con-
centration, when associated with high alcohol intake and high
triglyceride levels, is therefore more likely due to increased ex-
pression of the TTR gene than to stabilization of transthyretin
tetramers. More research is needed to address these findings.

The most likely explanation for the association between
low plasma transthyretin concentration and risk of ischemic
HF is that patients with cardiac amyloidosis often have ongo-
ing low-level myocardial necrosis and chronic troponin eleva-
tion. This is often misdiagnosed as a non–ST-elevation myo-
cardial infarction, which then gets coded as ischemic

Figure 3. Risk of Heart Failure as a Function of Genetically Determined
Plasma Transthyretin Concentration Using p.T139M
as the Reference Group
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cardiomyopathy because it is associated with HF. In addition,
microvascular amyloidosis may be a contributor to myocar-
dial ischemia in itself.7,42,43

Limitations
Our study has limitations and strengths that should be con-
sidered. The cause of HF, eg, hypertension or ischemic heart
disease, could not be discerned. Because of limited sample vol-
ume in the CCHS, we used 2 different methods for measure-
ment of transthyretin in the CGPS and CCHS. However, the
similar results obtained in the 2 studies, despite different as-
says, underscore the robustness of our observation. Addition-
ally, because our study included White individuals only, the
results may not apply to other races/ethnicities, although we
are not aware of data to suggest this. Strengths of our study
include the large sample size with no losses to follow-up, con-
cordance between the results in 2 prospective studies of the

general population, genetic data that supports our hypoth-
esis, and not least biological plausibility.

Conclusions
In conclusion, in this study, lower plasma concentrations and
genetically determined transthyretin concentrations were as-
sociated with higher risk of incident HF. These results are com-
patible with a potential mechanistic association between
low transthyretin concentration as a marker of tetramer in-
stability and incident HF in the general population. Future
studies should examine whether low plasma concentrations
of transthyretin, when adjusted for age, sex, nutritional, and
inflammatory status, can identify individuals with an in-
creased propensity for developing ATTRwt cardiac amyloido-
sis in the general population.
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