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patients selected because of their unique 
cardiovascular anatomy or disease state. 

The principal features of this system 
include a pulse sensor; a current dis- 

The Respiratory Sinus Arrhythmia: A Measure of Cardiac Age criminator and clock to count and time 
successive electrical impulses generated 

Abstract. A method developed for quantibing respiratory sinus arrhythmia (RSA)  by the pulse transducer that correspond 
during voluntary cardiorespiratory synchronization relies on computer-assisted to sensed heartbeats and determine an 
rhythmometric cosinor analysis of instantaneous heart rate data. The R S A  was instantaneous heart rate; and driver cir- 
present in all subjects tested, zven those at advanced ages. The amplitude of the cuits to relay the desired ratio pattern of 
R S A  falls approximately 10 percent per decade. An individual with a transplanted visual and auditory signals displayed 
heart and one with severe diabetic neuropathy each had resting R S A  values that through a cathode ray tube that advise 
were normal for their ages. The shape and amplitude of the R S A  during voluntary the subject to inhale and exhale for each 
cardiorespiratory synchronization may reject the suppleness of the heart and its of the preselected number of heartbeats. 
response to rhythmically changing intrathoracic pressure and the subsequent ebb- This system is closed when the subject 
and-jow of venous return. Our technology allows objective quantitative assessment voluntarily breathes according to the 
of the biologic age of the heart and also the effect of any drug, disease, or behavior transmitted instructions. The subject's 
that affects the RSA.  ability to follow visual signals is quanti- 

tatively verified by a mouthpiece-mount- 
In 1733, Hales observed that changes periodicity and the variance of periods ed thermistor which detects breathing 

in blood pressure and pulse were related within a window encompassing the respi- (Fig. 1). 
in a regular manner to the respiratory ratory frequency has been the most All data in this report were obtained 
pattern in the horse (1). In 1846, Lud- widely used alternative methodology using the ratio of two beats for inspira- 
wig's invention of the kymograph al- (10, 11). tion followed by three beats for expira- 
lowed his observation of the regular Modern microcomputer technology tion, but any desired ratio may be stud- 
quickening of pulse with inspiration and has allowed us to investigate the repro- ied in this way. The beat-to-beat interval 
slowing with expiration in the dog (2). 
Medical students have been taught for 
more than a century that this regular 
irregularity of heart beat disappears with 
advancing age (3). Since few biologic 
phenomena disappear abruptly, it 
seemed to us that the inexactitude of 
clinical methods for detecting the respi- 
ratory sinus arrhythmia (RSA) might be 
responsible for its apparent disappear- 
ance. Furthermore, any cardiovascular (CONTAINED IN MOUTHPIECE) 

physiologic end point that changes pre- 
dictably with advancing age is of poten- 
tial major interest. OUTPUT 

Quantitative statistical analysis of this 
phenomenon has been made possible by 
two discoveries. In 1963, a voluntary 
coupling system that allows the subject 
to couple breathing pattern to heart rate 
(4-6) was developed. The coordination 
of pulse and breathing allows straightfor- 
ward analysis of resultant instantaneous 
heart rate data. Since prior statistical 
evaluations of the RSA have relied upon 
the assessment of heart rate variance in 
the unsynchronized state, only very 
gross, usually pharmacologically in- 
duced, difference~ have been perceptible 
(7, 8). In 1972, development of the single ' 

cosinor method of analysis made accu- F i g ,  1. T h e  n e c e s s a r y  c o m p o n e n t s  and b a s i c  function of the S i n e - o - g r a p h  p u l s e  monitor, 
including a p u l s e  s e n s o r  to count b e a t s  and d e t e r m i n e  i n s t a n t a n e o u s  heart rate, a r e s p i r a t i o n  

rate quantification and s e n s o r  for d i s c r i m i n a t i o n  of inhalation and exhalation and s o r t i n g  with p u l s e ,  interactive 
sis of rhythmic biological functions Prac- software and d i s p l a y  of inhale and exhale s igna ls ,  a s t a t i s t i c a l  package, and a unit for hard copy 
tical (9). Spectral analysis of heart rate output. 
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translated to instantaneous heart rate is 
the experimental datum. These data 
were sorted and stored according to their 
exact position in the five-beat cycle and 
then analyzed. The first pulse corre- 
sponds to the interval between the first 
and second beats of the inspiration phase 
of the respiratory cycle. 

Biologic functions are rhythmic within 
many time frames. The RSA represents 
an ultradian or high-frequency biologic 
rhythm. All data are analyzed and re- 
ported independent of time in terms of 
the arbitrarily preselected and standard- 
ized period length of five heart beats. 
The data are expressed as average in- 
stantaneous heart rate during each of the 
five beats of this five-beat rhythm. If the 
average pulse during 1 minute is 75 beats 
per minute, 15 continuous pulse cycles 
of a five-beat rhythm are evaluated in 
that minute. Single cosinor analysis was 
used to investigate each series of pulse 
data for five-beat rhythmicity. This anal- 
ysis involves a least-squares regression 
fit of a cosine curve to the data points. 

The fitted curve describes the shape of 
this rhythm by providing the mean pulse 
value, the amplitude, and the timing of 
the peak with their respective 95 percent 
confidence intervals. The population 
mean cosinor analysis was used to inves- 
tigate whether the rhythm characteristics 
of individual data series were consistent 
(9). Classical univariate and multivariate 
mean analysis and Bingham testing were 
used to complement cosinor analysis 
(12). "Statistical significance of a 
rhythm" is claimed only when the cosine 
model fits well (P  < 0.05) and the analy- 
sis of variance of pulse by position with- 
in the respiratory cycle demonstrates a 
difference (P < 0.05). Linear regression 
analysis was used either separately or in 
combination with cosinor analysis to in- 
spect the data for trends. 

Twenty-five presumably healthy sub- 
jects of both sexes, aged 20 to 82, were 
studied at 7 a.m. and again at 9 a.m., 
about 30 minutes after venipuncture. 
The heart rate, amplitude, and phasing of 
the RSA showed relative stability. The 

degree of intraindividual variability in 
these parameters was much smaller than 
the amount of interindividual variability 
(Table 1). 

Each individual in every age-defined 
population had a highly statistically sig- 
nificant five-beat rhythm (analysis of 
variance, P < 0.01 ; cosine fit P < 0.001) 
(data not shown). An age-dependent fall 
in amplitude (slope, 10 percent per dec- 
ade; r = 0.49, P < 0.01) and shift in tim- 
ing of peak heart rate from later to earlier 
beats in the five-beat cycle (slope, 0.1 
beat per decade; r = 0.47, P < 0.01) 
were found with advancing age (Table 2). 
Extension of the regression line describ- 
ing the age-dependent fall of amplitude 
shows that the maximum degree of 
rhythmic variation (peak-trough differ- 
ence) of pulse rate would be expected to 
be about 24 percent of the heart rate, 
whereas the amplitude would be expect- 
ed to disappear at - 120 years of age. 

The 25 subjects were arbitrarily 
grouped into one of four age categories, 
each spanning approximately 15 years: 

Table 1. Intraindividual comparison of five-beat sinus arrhythmia. Values in parentheses are 95 percent confidence intervals. While two-way 
analysis of variance by time and beat corroborated the significant effect of beat ( P  offive-beat rhythm), there was no significant effect of time of 
testing (F test; P value for 7 a.m. versus 9 a.m.) on the five-beat sinus arrythmia. Rhythm characteristics tested in all combinations showed no sig- 
nificant differences for 7 a.m. or 9 a.m. 

Number Mean Amplitude Timing of peak Time of 
P of 

of (beats per (beats per rate, beats five-beat testing subjects minute) minute) 1 to 5 rhythm 

F test, d.f.(1,48) 
P value 

Ahsol~lte  dara 
25 73.97 (69.90, 78.02) 2.12 (1.56, 2.68) 2.00 (1.80, 2.17) < 0,001 

25 72.49 (68.15, 76.81) 2.34 (1.74, 2.94) 1.86 (1.74, 1.95) < 0.001 

Data expressed as percent o f  mean 
25 100.0 (98.5, 102.3) 3.0 (2.2, 3.8) 1.97 (1.78, 2.14) < 0.001 

9 a.m. 25 98.7 (96.6, 100.8) 3.2 (2.4, 4.0) 1.84 (1.72, 1.94) < 0.001 

F test, d.f.(1,48) 1.54 0.20 1.66 
P value 0.22 0.65 0.20 

Table 2. Age comparison of five-beat sinus arrhythmia. Values in parentheses are 95 percent confidence intervals. Two-way analysis of variance 
by age and beat number corroborated the significant effect of age on the five-beat sinus arrythmia. 

Number Mean Amplitude Timing of peak P of 
Age of (beats per (beats per rate, beats five-beat 

(years) profiles minute) minute) 1 to 5 rhythm 

Absolute data 
20 to 35 6 70.55 (61.95, 79.16) 3.82 (2.46, 5.18) 2.06 (1.78, 2.26) < 0,001 
35 to 50 10 85.46 (80.57, 90.35) 2.93 (2.24, 3.62) 2.07 (1.89, 2.24) < 0.001 
50 to 65 20 68.85 (65.79, 71.91) 2.08 (1.65, 2.51) 1.86 (1.72, 2.01) < 0.001 
65 to 82 14 71.89 (65.69, 78.09) 1.38 (0.44, 2.32) 1.68 (1.18, 2.07) < 0.001 
F test, d.f.(1,48) 9.72 7.10 2.71 
P value < 0.001 < 0.001 0.06 

Data expressed as percent of mean 
20 to 35 6 98.7 (89.7, 107.7) 5.4 (3.0, 7.8) 2.06 (1.78, 2.26) < 0.001 
35 to 50 10 99.7 (96.3, 103.5) 3.4 (2.6, 4.2) 2.07 (1.89, 2.24) < 0.001 
50 to 65 20 99.9 (97.8, 102.0) 3.0 (2.4, 3.6) 1.86 (1.72, 2.01) < 0.001 
65 to 82 14 99.9 (97.5, 102.3) 2.2 (0.9, 3.5) 1.68 (1.22, 2.00) < 0.001 
F test, d.f.(1,48) 0.09 5.20 3.00 
P value 0.96 < 0.01 0.05 
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20 to 35, 36 to 50, 51 to 65, and 66 to 82. 
The amplitude (half the peak-trough dif- 
ference) of the RSA decreases from four 
beats per cycle in the youngest group to 
just over 1.3 beats per cycle in the oldest 
age group. Figure 2 depicts reconstruct- 
ed curves representing the age-depen- 
dent changes in these four populations. 
Classical multivariate analysis and the 
Bingham testing (12) ,  an analysis of vari- 
ance technique comparing rhythm pa- 
rameters singly and jointly, confirm that 
the pulse data of the four age-defined 
populations differ [amplitude: d.f.(3,46), 
F = 5.2, P < 0.01; phase: d.f.(3,46), 
F = 3.0, P < 0.051. When extensively 
tested by multivariate techniques, the 
amount of heart rate and RSA amplitude 
variability due to age class or interindivid- 
ual difference was always far greater 
than that secondary to intraindividual 
differences. 

A 44-year-old male patient with a 
transplanted heart extirpated from a 35- 
year-old male motorcycle accident vic- 
tim was studied shortly after removal of 
all chest tubes within a week after sur- 
gery. He felt well, and results of the 
cardiorespiratory examination were nor- 
mal. RSA was present in this patient 
(analysis of variance, F = 31.7, 
P < 0.001; cosinor fit, P < 0.001). The 
amplitude of the rhythm was 1.7 k 0.2 
beats per minute. His peak value oc- 

curred at the usual position of the five- 
beat cycle. Figure 3 shows the relation of 
the mean and standard errors of pulse 
and the fitted curve of this man's RSA to 
the data and curve from several age- 
matched control subjects. A two-way 
analysis of variance of the mean pulse 
change examined by beat number in the 
control subjects versus that in the trans- 
plant patient revealed a highly statistical- 
ly significant beat-dependent (RSA) 
pulse difference (F ;= 19, P < 0.001) but 
no difference between the pulse pattern 
(RSA) of this patient and that of the 
control subjects (F -= 0.2, P < 0.66). 

A 47-year-old white female with a long 
history of diabetes mellitus that had been 
poorly controlled for at least 20 years 
was also studied. Tlle patient had mild 
orthostatic hypotension; intermittent 
nausea, vomiting and diarrhea; and se- 
vere numbness of the fingers and numb- 
ness of the feet to the level of the knee. 
She complained of not being able "to tell 
where her feet are." Physical examina- 
tion revealed a resting tachycardia of 116 
beats per minute and a 20-mmHg drop in 
diastolic blood pressure upon standing, 
without a concomitant ~ u l s e  rise. This 
patient had diabetic retinal and renal 
abnormalities, as well as severe periph- 
eral neuropathy. An abnormal sweating 
and Valsalva response also showed neu- 
ropathy. Nerve conduction and an elec- 

tromyogram were severely abnormal. 
The amplitude of evoked muscle re- 
sponse was markedly decreased, and 
distal sensory latencies were unobtain- 
able in the right median and sural nerves. 
Needle electrode examination showed 
changes of denervation in all distal mus- 
cles tested. A sural nerve biopsy showed 
both light and electron microscopic 
changes consistent with severe degener- 
ative changes. 

Analysis of the RSA in this patient 
showed a five-beat rhythm (analysis of 
variance, F = 22.3, P < 0.001; cosine 
fit, P < 0.0001). The predictable swing 
of nearly four beats per minute was 
compared to a maximum swing of 2.6 
beats per minute in an age-matched con- 
trol subject. A two-way analysis of vari- 
ance of pulse examined by beat and 
comparing the data of the diabetic sub- 
ject to those of the control subjects re- 
vealed no statistically significant differ- 
ence in their pulse patterns. 

A large number of reports have de- 
scribed and attempted to explain the 
respiratory sinus arrhythmia. Most of 
these reports included pulse data without 
synchronization of the respiratory pat- 
tern (13-16). Most methods relying on 
power spectrum analysis of heart rate 
within the frequency window relevant to 
respiratory cycles are opaque by com- 
parison to cosinor analysis of pulse data 
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five-beat cycle. Raw data from which the curves are derived are depicted in Table 2. Fig. 3 (right). A statistically significant resting RSA 
remains in the data from a 44-year-old male, one week after cardiac transplantation (- - -). The pulse data from age-matched control subjects and 
our patient do not differ, as determined by analysis of variance (F = 0.4, P = 0.8). 
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synchronized with respiration. These 
spectral methods have been useful pri- 
marily for determining the effects of 
pharmacologic doses of potent cardiotro- 
pic drugs. Synchronization of breathing 
with pulse results in immensely less non- 
predictable variability and a far more 
precise evaluation of the sinus arrhyth- 
mia. 

Our curve-fitting method of assess- 
ment of the resting RSA, during volun- 
tary cardiorespiratory synchronization, 
had reasonably small test-to-test vari- 
ability within the same individual who 
had been tested at roughly the same 
times of day before and after venipunc- 
ture. The resting RSA amplitude is an 
easily measured index that correlates 
well with age. The timing of the peak of 
the function best described by the indi- 
vidual data also changes predictably with 
advancing age. These predictable rela- 
tionships allow the construction of no- 
mograms that correlate chronologic age, 
the RSA amplitude or timing of peak 
value, and "biologic cardiac age." This 
technology provides an objective mea- 
sure of physiologic cardiovascular aging. 

Data obtained on a patient after cardi- 
ac transplantation and a patient with 
severe neuropathy lead us to agree with 
the hypothesis put forward by Bain- 
bridge (17) in 1920, stating that a nega- 
tive pressure-dependent increase of the 
diastolic filling of the heart increases 
cardiac rate primarily through intracardi- 
ac, rather than extracardiac, sympathet- 
ic and parasympathetic reflex arcs. This 
is not to say that these heart rate changes 
cannot be overridden by sympathetic or 
parasympathetic discharge, by circulat- 
ing chronotropes like epinephrine or nor- 
epinephrine, or by other cardioactive 
drugs. 

Our results in patients with absolutely 
and relatively denervated hearts lead us 
to believe that the resting RSA is primar- 
ily a measure of cardiac suppleness, elas- 
ticity, or tissue compliance. For this to 
be proved, concurrent, more direct mea- 
surements of cardiac compliance need to 
be correlated with this index. Chest wall 
compliance also needs to be considered 
by measuring and correcting for respira- 
tory volume and for the rate of and 
amount of negative pressure induced 
during inspiration. 

If some basic property of the heart 
tissue, such as myocardial compliance, 
is the primary variable being measured, 
longitudinal assessment of cardiac status 
would seem to be pertinent for individ- 
uals suffering from many cardiovascular 
diseases and possibly in routine health 
maintenance. This technology will allow 
quantitative objective assessment of ag- 
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Transient Expression of Homologous Genes in Drosophila Cells 

Abstract. A cloned Drosophila heat shock protein 22 gene was transfected into two 
independently established Drosophila cell lines. Each line carried a dizerent heat 
shock protein 22 allele, distinguishable by electrophoresis of the protein. The 
transfected gene was not expressed at 25'C but could be induced at 36'C. In one line, 
two heat shock protein 22 electromorphs were synthesized. 

Cloned genes have been introduced 
into cultured somatic cells, unfertilized 
eggs, or zygotes under conditions that 
lead to their expression and regulation 
(1). Such transformation and transient 
expression systems provide a functional 
assay for defining DNA sequences flank- 
ing structural genes that are necessary 
for control of their expression (2). One 
limitation to these systems is that the 
introduced gene and recipient cell are 
seldom homologous-that is, they are 
usually derived from different species- 
because in most cases one could not 
distinguish qualitatively the expression 
of the transfected gene from the expres- 
sion of the equivalent endogenous gene. 
As a consequence, several strategies 
have been developed to study the regu- 
lated expression of transfected genes. 
One is to use a completely heterologous 
system consisting of a cloned gene and a 
recipient cell from different species (3). 
The foreign gene, when expressed, pro- 
duces an RNA and protein molecule 
whose presence can then be assayed 
directly and with no interfering signal 
from endogenous gene expression. A 
second strategy is to link physically the 
putative regulatory DNA sequence of a 

homologous gene to a heterologous 
structural gene (4). In this chimera the 
homologous regulatory region then 
drives the transcription and subsequent 
translation of a foreign gene whose 
expression can then be assayed directly. 
This approach introduces some homolo- 
gy. A third approach is to use a recipient 
cell that contains a mutationally defec- 
tive or functionally inactive gene so that 
the expression and regulation of a gene 
introduced by transfection can be mea- 
sured unambiguously (5). Such systems 
are limited by the availability of the 
necessary mutant line. 

We now describe our study of homolo- 
gous gene expression in a transient 
expression system. Although our experi- 
ments were performed with cultured 
Drosophila cells as recipients for trans- 
fection, the same principles would work 
for gene transfer into eggs (transforma- 
tion) and would apply for any species. 
Our approach exploits the presence of 
ubiquitous genetic polymorphism, which 
appears in the form of electrophoretic 
mobility variants (6). We first identified 
two independently isolated cell lines that 
expressed different electrophoretic vari- 
ants at some protein coding locus. The 
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