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Decreased heart rate variability (HRV) is associated with
congestive heart failure, post-myocardial infarction,
ventricular arrhythmias, sudden cardiac death, and ad-
vancing age. A deletion/insertion polymorphism in the
angiotensin-converting enzyme (ACE) gene and a sub-
stitution (M235T) in the angiotensinogen gene have
been associated with risk for heart disease. The aim of
this study was to determine the heritability of HRV and
related parameters in monozygotic and dizygotic twins
and to assess the influence of ACE and angiotensinogen
polymorphisms. We studied 95 MZ pairs and 46 DZ
pairs. We measured HRV and related parameters, ACE
and angiotensinogen levels, plasma norepinephrine,

HRV and related parameters were significantly influ-
enced by genetic variability, although nonshared ge-
netic effects were also important. Angiotensinogen and
plasma norepinephrine were generally correlated with
decreased HRV, whereas ACE was correlated with per-
turbances of normal rhythmic HRV. Nevertheless, the DD
ACE genotype was associated with increased HRV (p
<0.05), whereas angiotensinogen polymorphisms had
no effect. We conclude that HRV and related parameters
are in part heritable. Interestingly, the DD ACE genotype
is associated with increased HRV.  ©1998 by Excerpta
Medica, Inc.

(Am J Cardiol 1998;81:755-760)

ACE, and angiotensinogen genotypes. We found that

H eart rate variability (HRV), defined as spontanesubstitution) is associated with increased blood pres-
ous fluctuations in sinus rate due to internal anslre® we also determined if the ACE gene I/D alleles
external body processes, is an indicator of risk fand the angiotensinogen M235T substitution were as-
death after a cardiac evehtlRV decreases with agesociated with HRV.

and with certain diseases such as congestive heart

failure, diabetic neuropathy, post-myocardial infarcMETHODS

tion, and in some forms of inducible ventricular tachy-""\y/a recruited 141 pairs of MZ (95 pairs) and DZ
cardia or ventricular fibrillatio> HRV parameters ,¢ pairs) twins by advertisement (print media) to
are determined to a great extent by baroreceptor igsyininate in studies involving blood pressure and
flex-related mechanisms, and sympathetic and pafs,q pressure reactivity to physical and mental
sympathetic tone, all of which deteriorate with dg&. ¢ raco The subjects were all German Caucasians.
Furthermore, HRV parameters show gender-relateg, e, \were recruited from various parts of Germany,
as well as age-related differences, suggesting adg)

; : : ; oD hich minimizes any regional effects. The protocol
tional endocrine-mediated effect&enetic variability , oo approved by the University’s committee on the
exerts considerable influence on resting and stre

. - o Protection of human subjects and written informed
Qr?cuecs?gnalﬂtgs?rrgllgtte%@gp:mequrcst ﬁ;gi’;?%%gg'g;( consent was obtained from all participants. Blood was
ined. We recruited monrt))zygotic and dizygotic norm tained for the determination of 2ygosity. The zygos-

- . ; y was verified with the use of 5 highly polymorphic
twin subjects to study genetic effects on HRV. Begjyqi tandem repeat polymerase chain reaction-ampli-
cause an insertion/deletion (I/D) polymorphism in iNgay microsatellite markers, namely THO1, TPOX
tron 16 of the angiotensin-converting enzyme (AC i : '

and left ventricular hypertroph§? and because a

polymorphism in the angiotensinogen gene (M235 ystem relying on a 373 DNA-sequencer and 672

ENESCAN and GENOTYPER software (all Ap-
plied Biosystems, Foster City, California). Plasma
norepinephrine was measured with high-performance
liquid chromatography with electrochemical detec-
tion,!t ACE activity in plasma was determined by
means of a synthetic substrate (FAPGG) as outlined
elsewheré? and plasma angiotensinogen was deter-
mined by radioimmunoassay.

Blood pressure and heart rate were measured in the
nondominant arm by an automated oscillometric

From Franz Volhard Clinic af the Max Delbiick Center for Molecular
Medicine, Virchow Klinikum, Humboldt University of Berlin, Berlin,
Germany. This siudy was supported in part by a grantinaid from
the BMBF LPD 1995; by a grantinaid from the Bundesministerium ¢ Bil
dung und Forschung; and by Vo 505,/2-1 from the Deutsche Forschungs-
gemeinschaft, Bonn, Germany. Manuscript received September 5,
1997, revised manuscript received and accepted December 15, 1997.

Address for reprints: Friedrich C. Luft, MD, Franz Volhard Clinic,
Wiltberg Strasse 50, 13122 Berlin, Germany.

0002-9149/98/$19.00 755

PIl S0002-9149(97)01019-9

©1998 by Excerpta Medica, Inc.
Al rights reserved.



TABLE | Demographic, Clinical, Echocardiographic, and Angiotensin-Converting
Enzyme (ACE) and Angiotensinogen Plasma Level Data in Groups With Different
ACE Genotypes

*p <0.01; Tp <0.05.

*Group differences: I1D, II-DD, ID-DD.

8Group differences: II-DD, ID-DD.

Ang | = angiotensin |; BP = blood pressure; BMI = body mass index; HR = heart rate.

tion was used for the genotyping of
angiotensinogen codons 174 and
235. Genomic DNA was subjected
to 30 rounds of amplification using

Voriables o = 31) =770  PP=33) | primers described elsewheteThe
Age (yrs) 34 =14 33x14 34 =14 resulting 354-base pair fragment
o LA oA A o was denatured, dot-blotted in dupli-
We?gh, (k) 66 + 9 66 + 13 60 + 14 cate onto nitrocellulose, and then
BMI (kg/m? 23 + 4 23 + 4 23+ 5 neutralized. The filters were sub-
Systolic BP (mm Hg) 123 =17 123 = 15 123 = 14 sequently hybridized to the appro-
aiRasLolic'/BP.(mm Hg) 75 ;0 ;3 = ;g - ;0 priate®?P-labeled oligonucleotides.
ACE( IzjeITLIJr})L)* 25+ 11 44 = 18* s57+25+ | Only 1 member of each twin pair
Angiofensinogen (ug Ang I/ml)8  1.33 +0.351  1.31+0.331 1.18= 28" | Wasincluded for the association test-

ing. Selecting either twin 1 or twin 2
did not influence the results. Geno-
type distributions of all groups were
checked for Hardy-Weinberg equi-

librium and were compared with
each other by chi-square and likeli-
method (Dinamap, Tampa, Florida). A detailed dehood ratio methods. Relative risk figures (odds ratio
scription of our HRV methodology and the mathemastatistics) and their 95% confidence intervals (CI)
ics involved in its calculation has been publisiéd. were calculated by using the linkage package 5.1 as
Analyses follow the guidelines published recerifly. outlined by Terwilliger and Ott8
For analysis of HRV, each subject was monitored for Statistical analysis was conducted using the SPSS
4 hours with an ambulatory electrocardiographiprogram. To test for differences in the mean level of
Holter recorder (Avionics Stratascan, Del Mar Avionthe cardiovascular measurdstests for independent
ics, Irvine, California). All electrocardiograms weregroups were performed. In addition to univariate
than checked and edited by a technician to remove alkethods, analysis of variance was employed as a true
artifacts. The 30-minute period with the least numbenultivariate method for the simultaneous comparison
of artifacts was analyzed. Mean heart period refers td the 3 groups of genotypes. Post hoc comparisons
the average NN interval over 30 minutes. NN (sudetween groups were done with the Scheést. Pa-
cessive normal beat-to-beat) intervals are the norntaimeters of the quantitative genetic models were esti-
RR intervals in the tachogram after filtering the RRnated by path analysis techniques using the LISREL
time series. We determined indexes of the time ar® program developed by deskog and Sdom?i®
frequency domain, where SDNN is the standard devinalogous to a regression analysis, the variability of
ation of successive NN intervals, and RMSSD is theny given phenotype (P) within a population can be
square root of the mean squared differences of sudecomposed in additive genetic influences (A), non-
cessive NN intervals. Power spectral density estimatadditive genetic influences (D), environmental in-
describe variance as a function of frequency. P is tfiesences shared (common) by the twins within a
total power of the frequency band 0.0 to 0.4 Hz. HF iamily (C) and random environment (E): B
the high-frequency power in the frequency band fromA+dD+cC+eE, with a, ¢, e as the estimated relative
0.15 Hz up to 0.4 Hz and (ULFVLF+LF)/P the influence. For MZ and DZ the covariance of their
normalized lower frequency power in the frequencghenotype is given by: ., = &+d*+c*+€* and
band from 0.0 Hz up to 0.15 Hz. The spectra weng,, = 0.5&+0.25¢F + c?+ €. Path analysis in twin
estimated by use of the fast-Fourier transformatiostudies can estimate additive and nonadditive (domi-
These measures characterize the rhythmic variabiliiance) components of genetic variability (estimated as
of the heart rate. We also included measures of pe and &) as well as 2 environmental influences,
turbed rhythmic HRV. PNNL10 and PNNL20 are theshared (€) and nonshared environmental influences
percentages of NN interval differenceslO and 20 (€%).2° These values estimate the relative amount of
ms, respectively, whereas PNN100 and PNN200 atfee variable’s influence on interindividual differences
the percentages of NN intervals100 and 200 ms, up to a sum of 1. Genetic as well as environmental
respectively. High percentages indicate a perturbaneffects were estimated by the best fitting model as
of rhythmic HRV in either direction, i.e., fixed heartselected by the chi-square value. The LISREL 8 out-
rate or large beat-to-beat (erratic) changes in hegut also gives estimates of the goodness-of-fit index,
rate. All data are normalized. the adjusted goodness-of-fit index, and the Akaike
The I/D polymorphism of the ACE gene wasnformation criterion. These estimates concurred with
identified with the polymerase chain reaction usinthe results of the chi-square analysis, so we elected not
a set of oligonucleotide primers flanking the polyto present these estimates.
morphic site according to the method described by
Rigat et alt¢ Allele frequencies and standard binoRESULTS
mial errors were determined by the gene counting Table | lists demographic data on all subjects
method. Allele-specific oligonucleotide hybridizadivided into ACE genotypes. The ACE genotype
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TABLE Il Correlation Coefficients Between HRV Parameters and Blood Pressure, Heart Rate, Plasma Norepinephrine, Plasma
Angiotensin-converting Enzyme Activity (ACE), and Plasma Angiotensinogen*

Systolic Blood Diastolic Blood Plasma
Pressure Pressure Heart Rate Norepinephrine ACE Angiotensinogen

Mean heart period -0.16 -0.39 - -0.32 — -0.35
SDNN -0.25 -0.30 —-0.48 -0.22 - -0.33
RMSSD -0.24 -0.28 —-0.49 -0.27 — -0.32
HF -0.14 -0.14 -0.28 -0.19 - -

Total power -0.19 -0.24 -0.39 -0.20 - -0.30
ULF + VLF + LF 0.20 0.15 0.14 - -

PNNL10 0.44 0.37 0.55 0.32 0.18 0.23
PNNL20 0.43 0.39 0.56 0.34 0.15 0.28
PNN100 -0.15 -0.24 -0.45 -0.22 0.14 -0.31
PNN200 - - -0.24 -0.14 0.11 -0.23

*Only significant (p <0.05) correlations are given.

HF = normalized power in the frequency band from 0.15 to 0.4 Hz; Mean heart period = average NN interval/30 minutes; PNNL10 and 20 = percentages
of NN interval differences <10 and 20 ms, respectively; PNN10O and 200 = percentages of NN interval differences >100 and 200 ms, respectively; RMSSD =
rootmean-square of NN interval successive differences; SDNN = standard deviation of filtered NN infervals; Total power = total power in the spectrum; ULF, VLF,
and LF = power in the frequency band from O to 0.0033, 0.0044 to 0.04, and 0.04 to 0.15 Hz, respectively.

TABLE Il Rosults for Toin Analveis (MZ = 95 oaire. DZ — 46 oairel* itor, however, is directly correlated
esults for Twin Analysis (MZ = 95 pairs, DZ = 46 pairs| with measures of arrhythmic HRV.
a? d? c? e? 'mz/"DZ c?/df Table Il lists the significant her-
Mean hearfperiod  0.17  — 037 046  058/038  177/3 | Itability estimates. Additive genetic
SDNN - 0.60 - 0.40  0.64/0.22 420/4 | factors (&), nonadditive genetic fac-
RMS|SD — 065 — 035 0.6840‘13 3.177‘- tors (cf), shared environmental2gr;
Total power 0.56 — 0.44 0.60/0.24 0.74/4 i
ULF + VIF + IF — 047 — 053  0.50/0.05 0.33/4 ?nd nonshared engrcl)nm(_ant%! Xe
HE 0.30 — 081 040/021 16974 actors are given. Only significant
PNNLIO — 056 — 044 063/006 1075/4 | (p <0.05) data are presented in the
PNNL20 - 0.59 - 0.41 0.63/0.06  10.75/4 | Table. Significant additive and non-
PNN100 - 058 - 042  058/0.16 2.4/4 additive genetic factors were com-
*Additive genetic factors (a?), nonadditive genetic factors (d?), shared environmental (c?), and monly identified. Shared enVII’O_n-
nonshared environmental (e2) factors are given. mental factors were unusual. A sig-
Only sig‘;ni-ficant (p <0.05) data are presented. nificant effect was found 0n|y for the
Abbreviations as in Table Il mean heart period. Nonshared envi-

ronmental factors were significant in

every instance.
had a significant effect on plasma ACE levels; the D The 282 twins were genotyped according to the
allele conferred a higher ACE level. The ACE geACE intron deletion polymorphism. The twins
notype also had an effect on angiotensinogen levetaet the Hardy Weinberg equilibrium criteria. When
Persons with the DD ACE genotype had lowewe used twin 1 of any given twin pair, 33 had the
angiotensinogen levels. Table Il lists the correlatioDD, 77 had ID, and 31 had |l genotype. Thus,
coefficients between HRV parameters and blodB had DD, whereas 108 had ID or Il genotypes.
pressure, heart rate, plasma norepinephrine, AQmble IV lists the differences between the DD
activity, and angiotensinogen in the entire cohorand IlI/ID genotypes. The standard deviation of
Only significant (p<<0.05) correlations are given.NN intervals, the root-mean-square of NN intervals,
Numerous correlations were observed betwedhe power in the high-frequency band, and proba-
HRYV parameters and systolic blood pressure, diaility of unpredictable changes in heart rate
stolic blood pressure, and heart rate. Plasma ndPNN100 and PNN200) were significantly different
epinephrine was generally inversely correlated wittomparing subjects with DD genotype with the Il
rhythmic HRV, PNN100, and PNN200, and directlyor ID genotypes. Figure 1 shows the root-mean-
correlated with PNNL10, PNNL20, and ULR square of successive differences of all normal-to-
VLF + LF. ACE activity and angiotensinogen connormal NN intervals as a function of ACE geno-
centrations were directly correlated with PNNL1Qypes. The value was significantly greater for the
and PNNL20, as well as PNN100 and PNN20MD genotype than for Il or ID genotypes. In gen-
Angiotensinogen was inversely correlated witleral, these data indicate that persons with the DD
SDNN, RMSSD, and total power. The correlationgenotype had greater HRV than persons with the |
are consistent with the interpretation that plasnellele. The angiotensinogen M235T substitution
norepinephrine, and angiotensinogen concentr&as not associated with any of the HRV-related
tions are inversely related to HRV. The ACE inhibparameters.

MISCELLANEOQUS/ACE AND HEART RATE VARIABILTY 757



TABLE IV Angiotensin-Converting Enzyme Genotypes and tlon.22’23AIthough HRYV, assesseq by both time and
Heart Rate Variability Parameters frequency domain parameters, is very stable and
reproducible over shorter periods of time, HRV
Il +1D (n = 108) DD [n = 33 decreases with advancing agé.Impaired cardio-
Age 315114 30.1 = 10.2 vascular autonomic regulation, as reflected by
SDNN 21+08 28+ 14" HRV, may be partly responsible for the greater
E‘F"SSD (‘)-gfg-g fﬁf;g* mortality after myocardial infarction observed in
Power 10+08 1615 the elderly. Plasma norepinephrine concentrations
PNINT100 047 + 0.8 1.34 + 1.5% increase with advancing agé.Thus, we were in-
PNN200 0.13+0.3 0.94 + 2.2* terested in the fact that plasma norepinephrine was
%5 <0.05, comparing Il + D with DD. inversely correlated with HRV. The same was true
Values expressed as mean + SD. for angiotensinogen. A long-term association be-
Abbreviations as in Tables Il and IlI. tween angiotensin Il and sympathetic activation has

been suggestett.These findings may be relevant to
the previously described decrease in HRV with
increasing age and the greater degree of mortality
DISCUSSION after myocardial infarction in the elderly.

The important findings in this study are that We are not able to explain why the ACE DD
HRV and related parameters show correlations witienotype would be associated with higher HRV. Per-
blood pressure, heart rate, plasma norepinephrirsmns with the D allele had higher ACE levels. We
angiotensinogen, and ACE levels. HRV and relatedere recently able to show that the ACE gene locus is
parameters are heritable, and are more pronounaedponsible for almost all of the genetic variance in
in persons carrying the ACE intron 16 DD genotyp@ACE levels2¢ We found that ACE levels were corre-
than in those possessing the | allele. We found rated with perturbed rhythmic HRV, namely PNNL10,
genetic association between HRV and the angi®NNL20, PNN100, and PNN200. However, we found
tensinogen locus. From the heritability estimateso correlation between all measures of rhythmic HRV
we concluded that genetic influences on HRV werand ACE levels. We did observe an inverse correla-
mostly dominant. Codominant effects were assesston between ACE levels and angiotensinogen concen-
by analysis of variance, which showed no differtrations. This finding suggests that higher ACE activ-
ence between Il and ID genotypes, whereas boitly may result in a greater degree in angiotensinogen
were significantly different from the DD genotype consumption, consistent with the notion that ACE is a
For this reason, we compared the DD genotype witlate-limiting step in angiotensin Il generatighAn-
the Il and ID genotypes. To our knowledge, ngiotensinogen itself was inversely correlated with
earlier studies have examined genetic influences dnythmic HRV. Taken together, these observations are
HRV. The HRV parameters all reflect the influenceonsistent with a functional effect of the DD genotype
of different physiologic systems (sympathetic toneyn rhythmic HRV via renin-angiotensin—-mediated in-
parasympathetic tone, and so forth) that are herithuences.
ble to varying degrees. The range of genetic vari- Conceivably, 2 pathways may be operative: 1 may
ability we observed for HRV lay between 39% tdnvolve the renin-angiotensin system, while another
65%; the rest could be attributed to environmentabuld involve the kinin system. Bradykinin, which is
influences. Genetic influence on HRV was signifidegraded by ACE, reduces blood pressure and in-
cantly greater than that on heart rate, which waseases heart raté.Finally, there is a substantial
only 17%. Common environmental effects were unnteraction between the renin-angiotensin system and
usual except for heart rate. Thus, the family-relatetie baroreceptor reflex, which is under sympathetic
environment such as lifestyle, social economic stand parasympathetic nervous system control. We
tus, etc., seemed not to have a major influence éound a significant interaction between ACE activity
HRV. On the other hand, the nonshared enviroand plasma norepinephrine. ACE levels were corre-
mental effects, e.g., differences in how 1 twin slegated not only with PNNL10 and PNNL20, which
the night before compared with the other twinindicate periods of inflexible heart rate, but also with
differences in illness spectrum, differences in alcd®NN100 and PNN200, which indicate larger unpre-
hol intake, etc., had a major influence on HRV andictable beat-to-beat variations in heart rate. The di-
related parameters. We did not measure these ensgetion of these changes are dependent on plasma
ronmental effects precisely and are not able to spewerepinephrine values, because plasma norepineph-
ulate on which were important. rine is directly correlated with PNNL10 and PNNL20,

Several studies in humans and experimental aand inversely correlated with PNN100 and PNN200.
imals demonstrate convincingly that impairedhese results are consistent with earlier observations
baroreceptor reflex sensitivity and reduced HRYh humang?®
increases the risk of cardiac mortaldy.Particu- The ACE DD genotype, which has been associ-
larly, the low-frequency spectral component oéted with risk for myocardial infarcticnand left
HRYV, rather than a reduced high-frequency compaentricular hypertrophy, is also associated with
nent, are associated with an increased risk of lifdengevity. Schiahter et at° studied 338 adults aged
threatening arrhythmia after myocardial infarc=100 years and compared these subjects with
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FIGURE 1. Relation between root-mean-sqluare of the NN interval successive differences (RMSSD) (ms) and angiotensin-converting en-
zyme (ACE) 1/D genotypes. The ACE | allele was associated with lower values, indicating a lower heart rate variability. The ACE DD
genotype had significantly higher RMSSD values than the genotypes containing the I allele.
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