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Circadian M o d u l a t i o n  of QT Rate 
D e p e n d e n c e  in Hea l thy  Vo lunteers  

Gender and Age Differences 
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Abstract:  QT rate dependence is known to be linked with both circadian 
variations of the autonomic tone and gender. However, age and heart rate 
variability (HRV) influences are not well established. The QT/RR relationship 
was evaluated, separately during the day and at night, on 24-hour electrocar- 
diogram in 60 healthy subjects (30 men) divided into three homogeneous 
groups (group 1, 20-29; group 2 30-39; group 3, 40-50 years). QT rate 
dependence was larger during the day in both genders. Women showed 
s t ronger  QT rate dependence (0.195 during the day vs 0.154 in men P < 
.0001). The circadian modulation decreased with increasing age (day/night 
slope differences: group 1, 0.038; group 2, 0.031; group 3, 0.00l; analysis of 
variance P < .05). In addition, QT rate dependence increased as mean RR 
decreased (r = -0.58, P < .0001) and decreased as HRV parameters increased. 
Multiple influences o n  QT rate dependence can be found: not only circadian 
and gender modulation, but also age, heart rate, and HRV interventions. Key 
words:  QT interval, rate dependence, age, autonomic nervous system. 

On surface e lectrocardiogram (ECG), the QT in- 
terval  is defined as the interval  f rom QRS onset  to T 
wave  offset, and  it corresponds to bo th  ventr icular  
depolarizat ion and  repolarizat ion times. Hear t  rate 
(HR) is the ma in  source of QT interval  var ia t ion 
(1,2). Following an  abrupt  change in HR, the QT 
adapta t ion is achieved wi th in  a 2 -minu te  t ime 
f rame (1,3). Rate-correct ion formulae  are proposed  
to al low interindividual  compar isons  at different 
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HRs (4 -6 ) .  However ,  as they  are based on compar-  
ison of different individuals wi th  different HRs, 
these formulae  are fundamenta l ly  static ra ther  t han  
dynamic.  More  critically, o ther  physiological 
sources of ventr icular  repolarizat ion variat ions are 
not  considered. QT interval  durat ion not  only  de- 
pends on HR, but  is longer in w o m e n  (6 -8 )  which  
also have  a s tronger  QT rate dependence  (9-12) ;  in 
addition, modula t ions  by the au tonomic  ne rvous  
sys tem (2,7,13-17) and by electrolyte concentra-  
t ion (18) have  been  reported.  QT interval  durat ion 
is larger at night  t han  during the day, even  w h e n  
comparisons  are made  at identical HRs (17), and  
this p h e n o m e n o n  has been  related to the circa- 
dian variat ions of sympathovaga l  balance (13,14), 
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whereas  the QT rate dependence  is stronger in the 
awake state (9,10,19). Ventricular repolarization 
pat tern  is also dependent  on the ventricular myo-  
cardinm condition as it is prolonged after myocar-  
dial infarction and in both  dilated and hyper t rophic  
cardiomyopathies (20-22).  

It is well established that abnormalities of ven- 
tricular repolarization are f requent ly  involved in 
the genesis of severe ventricular  arrhythmias.  How- 
ever, the significance of a prolongat ion of the 
HR-adjusted QT interval as a risk factor in postmyo- 
cardial infarction (20,22,23), as well as in congen- 
ital and acquired long QT syndrome,  remains con- 
troversial {24). For this reason, alternative features 
of repolarization that could bet ter  identify patients 
at risk of l ife-threatening arrhythmias  are consid- 
ered (25-28). In addition to interlead dispersion of 
the QT interval (the so-called QT dispersion) and to 
beat- to-beat  ECG ampli tude osdllation (electrical T- 
wave alternans), the shortening of the QT interval 
with increasing HR also characterizes ventricular  
repolarization. QT rate dependence  has been inves- 
tigated for drug profile determinat ion (29), in cor- 
onary  ar tery disease patients (30), and in long QT 
syndrome (31,32). Although the circadian modula-  
tion of QT rate dependence  is related to the auto- 
nomic nervous  system, the relation be tween  heart  
rate variability (HRV} and ventricular repolarization 
rate dependence  are unknown.  Moreover,  age ef- 
fects on QT rate dependence  are not  yet established. 

The aims of this study were (1) to investigate, in 
heal thy volunteers,  the trends of the circadian 
patterns of QT rate dependence,  defined as the 
slope of the regression analysis be tween  QT inter- 
vals and corresponding RR intervals, in both  gen- 
ders and with increasing ages, and (2) to evaluate 
the correlation be tween  the QT rate dependence  
and both  the RR cycle length and the RR variability. 

Methods 

Population 

Sixty healthy volunteers (30 women) aged from 20 
to 50 years were recruited after written informed 
consent. The global population (mean age, 33.9 + 9.2 
years) was divided into three groups of 20 individuals 
(10 women  each): group 1 from 20 to 29 years (mean 
age, 24.1 _+ 2.9 years), group 2 from 30 to 39 years 
(34.1 _+ 2.8 years), and group 3 from 40 to 50 years 
(44.7 + 2.8 years). Criteria for enrollment in the study 
were normal physical examination, induding blood 
pressure, normal resting 12-lead ECG, and normal 

echocardiography. For subjects over 40 years, a neg- 
ative stress test was required. 

Resting 12-Lead ECG 

All subjects u n d e rw en t  a 12-tead resting ECG 
immediately before the ambulatory  ECG recording. 
QT and RR intervals were  manual ly  evaluated on 
printouts at a paper  speed of 50 mm/sec  on lead I1. 
The QT interval was measured  from the earliest 
onset of the QRS complex to the latest end of the T 
wave, defined as the re turn  to baseline. Values 
obtained f rom three consecutive beats were  aver- 
aged, and Bazett 's formula was applied to calculate 
a corrected QT interval (QTc). 

Twenty-Four-Hour ECG Recordings 

All subjects unde rwen t  a 24-hour  Holter ECG 
recording (Del Mar 459 recorder, Del Mar Avionics, 
Irvine, California) with an XYZ-lead configuration. 
Analog data were  digitized and carefully edited with 
the Marquet te  Holter system (Marquette Electron- 
ics, Inc., Milwaukee,  Wisconsin). 

ECG data and beat annotat ions were  subse- 
quent ly  transmitted to a personal  computer  where  
an analysis based on selective beat averaging was 
applied. The software for quanti tat ive ECG analysis 
has been  previously described (10,33,34). Briefly 
f rom 24-hour  data, cardiac QRST complexes of 
sinus origin were selected according to the preced- 
ing HR environment ;  spedficafly, only beats pre- 
ceded by a period of 1-minute HR stability (at 
50/min, 60/rain, 70/min, and so on) were ex- 
tracted. To match  stability criteria, the RR preceding 
the target complex and the m ean  RR interval cal- 
culated over  the preceding minute  had to be iden- 
tical (-+15 ms). Selected complexes were subse- 
quent ly  averaged. Only templates including at least 
50 individual beats were used for quantitat ive ven-  
tricular repolarization analysis. 

In order to avoid errors related to different T-wave 
morphology, only X-lead data were consistently used 
for each subject, as this lead provided higher signal- 
to-noise ratios. Intervals between Q onset and T-wave 
apex (QTm) and between Q onset and T-wave end 
(QTo) were automatically measured by a dedicated 
algorithm (34). Briefly, ECG data from averaged tem- 
plates were first filtered (fourth-order bidirectional 
Butterworth filter applied recursively), and first and 
second derivatives are calculated from the filtered 
data. T-wave apex is estimated by the apex of the 
interpolated parabola centered around a zero crossing 
of the first derivative. T-wave offset is subsequently 
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determined on the basis of first and second derivatives 
matching spedfic, amplitude-independent conditions 
(Fig. 1). Each template is finally edited on a beat-to- 
beat basis by two senior cardiologists, and, in case of 
aberrant positions of T-wave apex or T-wave end 
cursors, the template is manually rejected• 

Two different  periods of analysis were  def ined  
according to subject  diaries and m e a n  h o u r l y  HR 
obta ined  f rom the  2 4 - h o u r  f r equency  table: the 
first per iod  consisted of the 8 consecut ive  daily 
hours  wi th  fastest HR (diurnal  per iod) ,  and  the 
second of 5 consecut ive  sleeping hours  wi th  low- 
est HR (noc turna l  period)• QT dynamics  and HRV 
were  eva lua ted  separate ly  for the two periods• 
Time doma in  HRV paramete r s  calculated (35) 
were  the  m e a n  RR interval  (RR), the s tandard  
devia t ion  of all sinus RR intervals  (SDRR), the 
p ropor t ion  of in terval  differences of successive 
NN intervals  grea ter  t han  50 ms (pNN50), and  the  
square root  of the m e a n  squared  differences of 
successive NN intervals  (rMSSD). 

Statistical Analysis 

Results are given as m e a n  + standard deviation• 
Numbers  in brackets indicate lower and upper  
limits of the 95% confidence interval [95% CI]. 

For each individual, and for each drcadian pe- 
riod, l inear regression analysis be tween  QT inter- 
vals obtained in stable HR conditions and corre- 

sponding RR intervals was per formed (Fig. 2A). In 
this study, the slope of the regression line was used 
as an index of QT rate dependence  (QT/RR). In 
addition, all data f rom each individual were  pooled, 
and a global linear regression analysis was per- 
formed on the pooled data (Fig. 2B). Each indepen-  
dent  regression analysis (whether  on individual or 
pooled data) was performed by calculating the best 
l inear fit together  with the relative 95% CI. 

As suggested by Al tman  and Gardner  (36), 
compar i son  b e t w e e n  regression lines (eg, day vs 
night,  w o m e n  vs men)  was ach ieved  by calculat- 
ing the 95% CI of each specific slope difference.  
Statistical significance was cons idered  w h e n  the 
95% CI of the slope difference did no t  include the 
zero value.  

Respective gender  and age influences on  i2-1ead 
resting ECG data (QTc intervals) were assessed by 
two-way  analysis of variance (ANOVA). Age effect 
on QT rate dependence  was assessed by one-way  
ANOVA. Single and multiple linear regression anal- 
yses were used to investigate relations be tween  
individual QT rate dependence  and age, gender,  
mean  RR intervals, and EIRV parameters  considered 
as independent  variables. 

Software for statistical analysis was BMDP 
(BMDP Statistical Software, Inc., Los Angeles, Cal- 
ifornia), and the Altman and Gardner me thod  for 
comparisons be tween  regression lines was imple- 
men ted  in a personal computer .  In all tests, a P 

Fig. 1. Determination of QRS 
onset, QRS offset, T apex, and 
T offset. Representation of fil- 
tered and averaged QRST sig- 
nal and its first derivative 
from an averaged template (X 
lead). Vertical bars represent 
the location of fiducial points. 
QRS onset is determined on 
the vector magnitude of the 
three XYZ recorded leads 
( ' k / ~  q- y 2  ~_ Z2). T-wave 
apex is the apex of the inter- 
polated parabola centered 
around a zero crossing of the 
first derivative. T-wave offset 
is determined on the basis of 
first and second derivative 
matching specific amplitude 
independent conditions. 
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Fig. 2. Regression analysis between QTo intervals and RR intervals. In these figures, RR intervals are plotted on 
horizontal axis, and QTo intervals on vertical axis. (A) Example in one 24-year-old woman: Upper line is the linear 
regression line of QTo/RR at night, lower line is the linear regression line of QTo/RR during the day. Linear regression 
coefficients are very high. Slope difference is statistically significant (0.047 [0.026;0.067]). Overlapped RR intervals 
during both circadian periods show longer QT intervals at night than during the day at the same heart rate. (B) Example 
of the pooling of all QTo/RR pairs obtained in 60 subjects. Linear regression coefficient is still good with a tiny 95% 
confidence interval. (QTo, QTm: see text for definition.) 

value less than .05 was considered statistically sig- 
nificant. 

[405;411] ms in groups 1, 2, and 3, respectively 
(one-way ANOVA NS). 

Results 

Ventricular Repolarization Duration 

Two-way ANOVA (gender, age) of 12-lead rest- 
ing ECG data showed that the QTc interval was 
significantly longer in w o m e n  than in men:  418 + 
18 ms in w o m e n  versus 406 + 24 ms in men,  P = 
.036. No age effect was detectable: QTc interval 
duration was 411 + 21 ,407  _+ 21, and 418 + 2 4 m s  
in groups 1, 2, and 3, respectively, not  significant 
(NS). 

QTo/RR relation in steady-state HR conditions 
from 24-hour  ECG data allows to calculate the QTo 
[95% CI] interval at 60 beats/min (RR = 1,000 
msec): This calculated QTo interval was 422 [419; 
425] ms in women,  397 [394;399] ms in men  (P < 
.0001) and 412 [408;416], 403 [399;407], and 408 

QT/RR Regression Lines 

Within each subject, the mean  number  of QT/RR 
data was 23.5 _+ 7 during the day and 17.4 + 7 at 
night. Linear correlation coeffidents obtained at 
stable HR were very high: 0.96 + 0.03 for QTm/RR 
and 0.95 _+ 0.07 for QTo/RR during the day and 
0.89 + 0.12 for QTm/RR and 0.89 _+ 0.13 for 
QTo/RR at night. 

Circadian Modulation 
of QT Rate Dependence 

In bo th  genders,  regression lines be tween  ven-  
tricular repolar izat ion dura t ion  and RR intervals 
were  h igher  dur ing the day than  at night  for QTm 
and  QTo intervals (Table 1A). For instance,  in 
women ,  the QTo rate dependence  was 0.195 
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Table 1. Circadian Modulation of QT Rate Dependence, RR Intervals, and HRV Parameters 

Day Night  A Day/Night  [95 % CIl 

A: QT rate dependence 
QTo/RR m e n  0.154 [0.146;0.163] 0.I33 [0.123;0.I43] 0.02i [0.008;0.034] 
QTm/RR men  0.142 [0.134;0.150] 0.120 [0.110;0.131 ] 0.022 [0.008;0.0341 
QTo/RR w o m e n  0.I95 [0.185;0.204] 0.170 [0.159;0.180] 0.025 [0.011;0.039] 
QTm/RR w o m e n  0.180 [0.174;0.1881 0.125 [0.116;0.135] 0.055 [0.042;0.067] 

B: Heart Rate and HRV 
RR (ms) 749 +, 110 1,002 _+ 141 P < 10 -25 
SDRR (ms) 113 4- 33 114 +. 35 NS 
rMSSD (ms) 37 + 17 61 _+ 33 P < 10 -a  
pNN50 (%) 11 + l0 28 +. 19 P < 10 -11 

Values in brackets are lower and upper  limits of 95% confidence interval. Other values are expressed as mean  +_ standard deviation. 
HRV, RR, SDRR, rMSSD, pNNS0--see  text for definitions. QTo, interval from QRS onset to T offset; QTm, interval from QRS onset to 
T apex. 

[0.185;0.204] dur ing  the  day and  0.170 [0.159; 
0.1801 at night .  As s h o w n  in Table 1B, m e a n  RR 
intervals  and  HRV p a r a m e t e r s  we re  different  be-  
t w e e n  the  two  ci rcadian per iods  except  for SDRR. 
Differences obse rved  for pNN50 and  rMSSD re- 
m a i n e d  signif icant  af ter  RR in te rva l  ad jus tmen t .  

Gender Differences 

In females, wi th  the except ion of noc turna l  QTm, 
ventr icular  repolarizat ion rate dependence  was 
greater  in bo th  circadian periods (Table 2A). For 
instance, the QTo/RR regression line in w o m e n  
during the day reached 0.195 [0.185;0.204], 
whereas  the QTo rate dependence  in m e n  was 
0.154 [0.146;0.1631. 

Noc tu rna l  RR intervals  w e r e  shor te r  in w o m e n  
(958 ± 126 ms vs 1,046 + 143 ms  in men ,  P = 
.013, Table 2B), bu t  this d i f ference did no t  r each  
statistical dif ference dur ing  the  day  (726 -+ 79 ms  

vs 772 +_ 131 ms, respecti,vely, for w o m e n  and  
men ,  P = .10). R a w  va lues  of SDRR w e r e  also 
shor te r  in w o m e n ,  bu t  this difference was  no  
m o r e  obse rved  dur ing  the  day  af ter  a d j u s t m e n t  
on  RR interval .  Raw values  of pNN50 and  rMSSD 
were  ve ry  close b e t w e e n  genders  (Table 2B). 

Age Differences 

A circadian modu la t ion  of QTm and QTo rate 
dependence  was observed in groups 1 and  2, but  it 
was no longer present  in group 3 (Table 3A). 
During the day, the slopes of QTm and QTo/RR 
relations decreased wi th  increasing age (ANOVA 
P < 10 .6  for QTm and QTo), wi th  a major  drop 
after 30 years. At night, a biphasic t rend was 
apparent ,  wi th  decreasing slopes b e t w e e n  groups 1 
and 2, but  increasing slopes b e t w e e n  groups 2 and  

Table 2. Q T  R a t e  D e p e n d e n c e ,  R R  I n t e r v a l s ,  a n d  H R V  P a r a m e t e r s :  G e n d e r  D i f f e r e n c e s  

W o m e n  (n = 30) Men  (n = 30) A Gender  [95% CI] 

A: QT rate dependence 
QTo/RRday 0.195 [0.185;0.204] 0.154 [0.146;0.163] 0.041 [0.028;0.0531 
QTm/RRday  0.180 [0.174;0.188] 0.142 [0.134;0.150] 0.038 [0.025;0.049] 
QTo/RR night 0.170 [0.159;0.180] 0.133 [0.123;0.143] 0.037 [0.022;0.051] 
QTm/RR night 0.125 [0.116;0.135] 0.120 [0.110;0.131] 0.005 [-0.009;0.019] 

B: Heart rate and HRV 
RR day (ms) 726 + 79 772 +- 132 P = .106 
RR night (ms) 958 + 127 1,047 +. 143 P = .013 
SDRR day (ms) 104 +, 24 122 + 39 P = .040 
SDRR night (ms) 101 +, 30 126 +, 37 P = .008 
rMSSD day (ms) 36 +. 15 38 +. 19 NS 
rMSSD night (ms) 61 + 35 62 +, 30 NS 
pNNS0 day (%) l l  +. 8 12 +. 13 NS 
pNN50 night (%) 28 _+ 22 28 +. 17 NS 

Values in brackets are lower and upper  limits of 95% confidence interval [95% CI]. Other values are expressed as mean  + standard 
deviation. HRV, RR, SDRR, rMSSD, pNN50--see  text for definitions. QTo, interval from QRS onset to T offset; QTm, interval from QRS 
onset to T apex. 
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3 (ANOVA P < .01 tor QTo/RR, NS for QTm/RR). 
The circadian modulation (day/night slope differ- 
ence) decreased with increasing age for both QTm 
(ANOVA P < .001) and QTo (ANOVA P < .05). 

A significant negative linear regression between 
age and mean RR intervals (r = -0.31,  P = .017) 
was obtained at night but not during the day (r = 
0.03, NS). Similarly, negative correlations between 
HRV parameters and age were found. For instance, 
rMSSD decreased at night when age increased (r = 
-0.59,  P = .0001). 

Heart Rate and Heart Rate Variability 

Mean RR intervals of the corresponding circadian 
period were consistently correlated with QT rate 
dependence (for QTm/RR, QTo/RR in both circa- 
dian periods). For instance, diurnal QTo rate depen- 
dence decreased with increasing mean diurnal RR 
interval (r = -0.58,  R 2 = 0.34, P < .0001, Fig. 3). 
Similarly, HRV parameters (SDRR, pNN50, rMSSD) 
showed a significant negative correlation with QT 
rate dependence. For instance, diurnal QTo rate 
dependence decreased when diurnal pNN50 in- 
creased (r = -0.49,  P < .0001). 

Using multiple linear regression analysis, mean 
RR of the period considered was the only factor 
significantly correlated with the diurnal QTo/RR 
and nocturnal QT/RR relations (P < .0001). How- 
ever, the diurnal QTm/RR relation was significantly 
correlated with diurnal mean RR (P = .0004), 
diurnal SDRR (P = .033) and sex (P = .04). 

Then, mean RR of the circadian period consid- 
ered might explain (R 2) 32 to 43% of QT rate 
dependence. 

Discussion 

This study, based on a homogeneous  heal thy 
population, confirms that the ventricular repolar- 
ization is characterized by a circadian pattern 
with a greater daytime rate dependence.  Al- 
though QT rate dependence is stronger in females 
both during the day and at night, the circadian 
modulat ion is present in both genders. Our study 
is the first to demonstrate that the relation be- 
tween ventricular repolarization and HR changes 
with aging. This at tenuat ion is more pronounced  
during the day, resulting in a parallel decrease of 
QT/RR circadian modulation.  Using multiple lin- 
ear regression analysis, mean RR interval of the 
circadian period considered is consistently corre- 
lated with the rate dependence of ventricular 
repolarization. 

ECG Processing and Statistical Analysis 

In this study, determinat ion of RR interval and 
ventricular repolarization measurements  were 
fully automatic. Aberrant values were deliber- 
ately rejected but not  manual ly  modified. Thus, 
results are not  jeopardized by a poor reproduc- 
ibility of the technique, which on the contrary 
approaches 100%. The beat averaging approach 
reported here selects cardiac complexes with a 
preceding RR interval varying by no more than a 
few milliseconds. Exclusion of sudden short- term 
changes in RR interval yields significantly differ- 
ent QT rate dependence (32,33). For instance, 
evaluation of the QT/RR regression on a beat-to- 
beat basis consistently provides a lesser magni- 
tude of QT shortening when  compared to selec- 

Table 3. C i r c a d i a n  M o d u l a t i o n  o f  Q T  R a t e  D e p e n d e n c e  a n d  H e a r t  R a t e :  A g e  D i f f e r e n c e s  

Day  Nigh t  A D a y / N i g h t  [95% CI] 

A: QT Rate Dependence  
QTo/RR Gr 1 (n = 20) 
QTo/RR G r 2  (n = 20) 
QTo/RR Gr 3 (n = 20) 
QTm/RR Gr 1 (n = 20) 
QTm/RR Gr 2 (n = 20) 
QTm/RR Gr 3 (n = 20) 

B: Heart  Rate 
RR Group 1 (ms) 
RR Group 2 (ms) 
RR Group 3 (ms) 

0.195 [0.183;0.208] 
0.151 [0.142;0.160] 
0.145 [0.132;0.159] 
0.182 [0.168;0A96] 
0.141 [0.132;0.I50] 
0.116 [0.102;0.129] 

741 _+ 77 
741 ± 136 
763 _+ 119 

0.157 [0.142;0.172] 
0.120 [0.109;0.132] 
0.144 [0.124;0.164] 
0.122 [0.107;0.I37] 
0.109 [0.098;0.121] 
0.114 [0.095;0.133] 

1,048 2 118 
970 -+ 152 
980 -+ 147 

0.038 [0.019;0.057] 
0.031 [0.016;0.045] 
0.001 [ -0 .021;0 .024]  
0.060 [_0.040;0.080] 
0.032 [_0.017;0.046] 
0.002 [-0.020;0.024] 

P < 10 -12 
p <  10 -4  
P < 10 -5 

Values in brackets are lower and  upper  limits of 95% confidence interval [95% CI]. Other  values  are expressed as m e a n  _+ s tandard  
deviation. Group 1 : 2 0 - 2 9  years; group 2 : 3 0 - 3 9  years; group 3 : 4 0 - 5 0  years. QTo, interval f rom QRS onse t  to T offset; QTm, interval  
f rom QRS onse t  to T apex. 



Fig. 3. Regression analysis 
between individual mean 
RR interval and individual 
slope of the QTo/RR relation. 
RR intervals are plotted on 
horizontal axis, and QTo/RR 
slopes on vertical axis. There 
is a good negative linear cor- 
relation with P < .0001. In 
this example, RR interval may 
explain about 34% (R 2) of the 
diurnal QTo/RR slope. 
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t i on  of s table HR s e g m e n t  (32). The r e l a t i ons h i p  
b e t w e e n  QT a n d  HR is of ten  desc r ibed  as m o n o -  
e x p o n e n t i a l  (29) in  pa r t i cu l a r  w h e n  the  exerc ise  
test  is used,  even  t hough ,  at s t eady  state,  a l i nea r  
t r e n d  is de f in i t e ly  d e m o n s t r a t e d  (1). Kl igf ie ld  et 
al. also e x p l o r e d  the  QT d y n a m i c i t y  p a t t e r n  f rom 
t r e a d m i l l  exerc ise  tests,  bu t  w i t h  a m o d i f i e d  p ro-  
tocol  p rov id ing  stable HR segmen t s  at the  end  of 
each  stage t h e y  f o u n d  a l inea r  QT/RR re l a t i on  

(11). 
A second  i n n o v a t i v e  fea tu re  of this  s tudy  is t ha t  

v e n t r i c u l a r  r e p o l a r i z a t i o n  ra te  d e p e n d e n c e  is an-  
a lyzed  us ing  a va l i da t ed  s ta t is t ical  a p p r o a c h  (36). 

Mos t  p u b l i s h e d  da ta  are  based  on  a v e r a g e d  re-  
gress ion  l ines,  and  the  CI of the  r e l a t i onsh ip  
b e t w e e n  QT a n d  HR is e i the r  i gno red  or no t  
cons idered .  Table 4 shows  the  respec t ive  va lues  of 
QT rate  d e p e n d e n c e  o b t a i n e d  by  ave rag ing  indi -  
v idua l  s lopes or by  ca lcu la t ing  a global  l inea r  
r eg ress ion  f rom p o o l e d  i nd i v i dua l  data.  Bo th  
m e t h o d s  p r o v i d e d  r e l a t ive ly  close results ,  b u t  in  
25% of cases, the  m e a n  of i n d i v i d u a l  s lopes fell 
ou ts ide  the  95 % CI of the  g lobal  l i nea r  regress ion .  
Consequen t ly ,  the  s ta t is t ical  m e a n i n g  of a c rude  
ave rag ing  of i nd i v i dua l  r eg ress ion  l ines  is ques-  
t ionab le .  

Table 4. QT Rate Dependence: Global Regression Versus Averaging 
of Individual  Slopes 

Pooling [95% CI] Mean +_ SD Range 3-97% 

M e n  
QTo/RR day 0.154 [0.146;0.163] 0.152 -+ 0 . 0 5  0.091-0.212 
QTm/RR day 0.142 [0.134;0.150] 0.144 +- 0 . 0 3  0.095-0.222 
QTo/RR night 0.133 [0.123;0.143] 0.124 + 0 . 0 5  0.059-0.194 
QTm/RR night 0.120 [0.110;0.131] 0.116 + 0 . 0 5  0.057-0.182 

Women 
QTo/RR day 0.I95 [0.185;0.204] 0.181 _+ 0.05* 0.111-0.264 
QTm/RR day 0.I80 [0.i74;0.I88] 0.178 _+ 0 . 0 5  0.i06-0.250 
QTo/RR night 0.170 [0.159;0.180] 0.i61 +_ 0 . 0 5  0.098-0.25i 
QTm/RR night 0.125 [0.116;0.135] 0.147 -+ 0.05* 0.089-0.254 

QTo, interval from QRS onset to T offset; QTm, interval from QRS onset to T 
apex; SD, standard deviation. 

* Indicates values not included in the 95% confidence interval [95% CI]. 
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Circadian Modulation 
of QT Rate Dependence 

It has been reported that sleep prolongs the QT 
interval with a magnitude of about 25 ms 
(2,13,14,17). The rate-corrected QT interval (Ba- 
zett) also exhibits a circadian pat tern variation 
indicating that the ventricular repolarization du- 
ration is influenced by factors other than the 
cycle length, such as the autonomic nervous 
system (7). 

Since the original work of Browne, it is well 
established that the slope of the regression line 
between QT and RR intervals is steeper during the 
day than at night (17). Despite important differ- 
ences in ECG processing, the values reported in this 
study are in accordance with our previously pub- 
lished data using a commercially available Holter 
system (9). Comparisons given in Table 1 are not 
obtained with a full overlap of the day and night RR 
interval values. To eliminate a possible confounding 
effect due to extreme (nonoverlapped) RR inter- 
vals, the QT/RR relation at common HR values 
(practically, between 800 and 1,000 ms RR inter- 
vals) was calculated. As shown in Figure 4, the 
diurnal slope value was still stronger during the day 
(0.156 vs 0.087 for day and night, respectively). 
Consequently, the day/night behavior reflects a 
double QT rate dependence and not two quasilinear 
portions of a single monoexponential  relation. 

Gender Influences 

Although consistently reported (6,8,11,12,24,37), 
the magnitude of the QTc gender-related difference 
has been given different interpretations. Madarlane 
found that a 10-ms difference is within the error 
measurement limits and considered it questionable 
(8). Due to the difference of HR also present in both 
genders, comparison of QT interval needs to be per- 
formed only after rate correction. However, the 
(mostly used) Bazett formula risks to introduce fur- 
ther biases, as it is well known to undercorrect at slow 
HR and overcorrect at fast HR (6,37). 

These discrepancies suggest that it might be more 
appropriate to describe the repolarization behavior 
by the unadjusted QT HR relation. From the cohort 
of the Framingham study, Sagie provided a correc- 
tion formula that applies to both men and women 
(6). However, the adequacy of using resting ECG 
from a large sample of subjects to evaluate dyna- 
micity of the QT interval within a single subject is 
questionable. When evaluated from exercise test or 
ambulatory Holter data, a difference in QT rate 
dependence between males and females is observed 
(11,12). The slopes of QT dynamicity reported by 
Kligfield (11) were higher than those obtained in 
our study (for QTo interval: 0.237 + 0.071 in men 
and 0.333 ± 0.127 in women), but the autonomic 
and neurohumoral  responses between exercise test 
and ambulatory recording are not comparable. The 
slope values for QTo interval reported by Stramba- 

Fig. 4. Day (lower line) and 
night (upper line) slopes of 
QTo/RR fitted on pooled data 
(60 subjects) of overlapped 
RR intervals (800 to 1,000 
ms). RR intervals are plotted 
on horizontal axis, and QT 
intervals on vertical axis. 
Slope difference equals 0.069 
[0.017;0.121]. Despite the re- 
lationship between QT/RR 
slope and RR interval, the two 
circadian slopes are still differ- 
ent when the same heart rates 
are considered. 
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Badiale are close to those of this study (0.16 _+ 0.04 
in females and 0.13 + 0.03 in males), but, strik- 
ingly, this investigator did not look at the circadian 
modulation of QT dynamicity and only calculated a 
global 24-hour QT/RR relation (12). 

Studies in which the QT interval was measured at 
different ages, including newborns and children, 
demonstrated that the gender differences appear 
only after puberty and seem to disappear above 50 
years (37,38). Recent findings of Drici (39) suggest 
that sex differences observed in QTc duration are 
related to sex hormones, which modulate potas- 
sium channel proteins. Since potassium channels 
are involved in the repolarization rate dependence, 
these effects could also explain the sex differences 
in QT rate dependence. 

The higher risk for women to develop drug- 
induced Torsade de pointes (TdP) is well recognized 
(40-43).  Heart rate slowing also enhances the risk 
of TdP. Our observation that the QT interval shows 
a greater rate dependence in women implies that 
the ventricular repolarization is further prolonged 
in women when the HR is low. Thus, the behavior 
of the QT rate dependence may provide comple- 
mentary information to that of resting ECG. Thus, 
this method may help to identify patients prone to 
develop drug-induced Torsade de pointes. 

Age Differences 

Ventricular repolarization duration was similar 
between groups 1, 2, and 3. To the best of our 
knowledge, this study is the first to describe a 
decrease of the circadian modulation of QT rate- 
dependence with increasing age. This trend seems 
to derive from an attenuated diurnal QT/RR rela- 
tion in group 3 (Table 3). In a population of normal 
subjects with a mean age of 48 + 5 years (corre- 
sponding to our group 3), Tavernier et al. did not 
observe different slopes between the two circadian 
periods (44). Regarding aging, QT dynamicity also 
provides deeper physiological information than the 
conventional static approach. The mechanisms un- 
derlying the age-related differences in QT rate de- 
pendence are unknown. However, at the atrial 
level, the decrease of HRV with increasing age is 
well established (45). One can hypothesize that the 
decrease of the circadian modulation of QT rate 
dependence with aging reflects the diminution of 
autonomic nervous system influences on the ven- 
tricles. 

Heart Rate Influences 

Within a single subject, the mean HR of the 
circadian period is consistently correlated with the 
corresponding individual QT rate dependence. This 
phenomenon was first described by Karjalainen et 
al. from the resting ECG in a healthy young male 
population (46). These authors showed a stronger 
QT rate dependence in subjects with faster resting 
HR. However, Karjalainen also assessed the QT/RR 
relationship using a single QT/RR pair for each 
subject. This cannot be considered as an equivalent 
of the intrasubject evaluation of QT dynamicity 
obtained from 24-hour ECG recordings. 

HR influences match well with both the circadian 
modulation and the gender differences of QT rate 
dependence. Indeed, the stronger adaptation found 
during the day and in women is associated with 
faster HR. The direct role of sex hormones on 
ventricular repolarization is now established even if 
other gender-related influences are not ruled out. 
The shorter RR interval in females appears to be 
associated with a gender difference in exercise 
capacity rather than gender-related differences in 
autonomic tone (47). 

The respective behaviors of QT rate dependence 
and of f i r  with aging seem less concordant, and 
there are circadian-related differences. During the 
day, HR remains stable throughout groups 1 to 3, 
whereas QT rate dependence shows a clear decrease 
(Table 3). Conversely, at night, QT rate dependence 
remains relatively stable throughout groups 1 to 3, 
but RR interval decreases significantly. Because we 
found a significant negative correlation between 
the diurnal QTm rate dependence and SDRR after 
multiple linear analysis, we cannot exclude that the 
decrease of QT dynamicity from group 1 to group 3 
should rather follow beat-to-beat cycle length vari- 
ability than the values of mean HRs, at least during 
the day. 

Study Limitations 

The population enrolled is relatively small, and 
mean slopes must be taken cautiously. Moreover, 
groups of subjects at extreme ages (<20 and >50 
years old) were not included. Resting ECG data 
have shown that these two populations have spe- 
cific repolarization patterns, at least regarding gen- 
der influences, when compared to the population 
during reproductive years. In addition, physiologi- 
cal data from normal older subjects are crucial since 
it concerns the vast majority of patients with un- 
derlying heart disease. 
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Fina l ly ,  this  i n v e s t i g a t i o n  was  l im i t ed  to a s ingle 
aspec t  of QT d y n a m i c i t y ,  t ha t  is, t he  g loba l  d u r a t i o n  
of t he  v e n t r i c u l a r  r e p o l a r i z a t i o n  in  s table  FIR env i -  
r o n m e n t .  

Conclusion 

Not  o n l y  c i r cad ian  p e r i o d  a n d  gende r ,  b u t  also 
age,  HR, a n d  I-IRV m u s t  be  c o n s i d e r e d  for  ven t r i c -  
u l a r  r e p o l a r i z a t i o n  ra te  d e p e n d e n c e  e v a l u a t i o n .  The  
c o r r e l a t i o n  b e t w e e n  QT ra te  d e p e n d e n c e  a n d  HR 
s h o u l d  p r o b a b l y  be  i n t e r p r e t e d  as an  effect of t he  
a u t o n o m i c  n e r v o u s  s y s t e m  o n  t h e  ven t r i c l e  a n d  the  
s inus  node ,  r e spec t ive ly .  H o w e v e r ,  QT ra te  d e p e n -  
d e n c e  p r o v i d e s  a d d i t i o n a l  i n f o r m a t i o n ,  w h i c h  m a y  
i m p r o v e  the  full  u n d e r s t a n d i n g  of v e n t r i c u l a r  r e p o -  
l a r i za t ion  b e h a v i o r .  There fo re ,  QT ra te  d e p e n d e n c e  
e v a l u a t i o n  m a y  be  c l in ica l ly  r e l e v a n t  for  a s s e s s m e n t  
of t he  r isk of v e n t r i c u l a r  a r r h y t h m i a .  
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