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spectral AP alternans correlate only weakly, because they mea-
sure different components of repolarization: spectral AP alter-
nans evaluates the plateau and repolarization phases of the AP, 
whereas APD alternans evaluates only terminal repolarization.

Tissue-Level Mechanisms for Rate Response  
in AP Alternans
Patients with paroxysmal AF demonstrated clear rate depen-
dence in spectral AP alternans. The presence of AP alternans 
at slow rates suggests a manifestation of early electric remod-
eling.5 Exaggerated spectral AP alternans with increasing rate 

(Figure 3), to the point where APD alternans is observed, is 
consistent with a restitution mechanism. APD restitution, in 
which the slope of APD against rate (actually, the diastolic 
interval between beats) >1, is well recognized to contribute to 
alternans, wavebreak, and the onset of fibrillation.23

Patients with persistent AF, conversely, exhibited larger mag-
nitude AP alternans at baseline that was stable with increasing 
rate. This is consistent with our observations using time-domain 
APD alternans.12 Such alternans may also reflect greater cellular 
remodeling near rest, but the lack of rate dependence reduces the 
likely contribution of APD restitution >1. Indeed, maximum APD 

Figure 4. Action potential (AP) spectral alternans at baseline in persistent atrial fibrillation (AF) in an 82-year-old man demonstrating sig-
nificant spectral AP alternans at all rates from baseline to AF onset. A, Cycle length (CL) 450 ms, minimal AP duration (APD) alternans, but 
with high magnitude spectral AP alternans. B, CL 300 ms, spectral AP alternans persisted with APD alternans (APD alternans now appar-
ent). C, Both spectral AP alternans and APD alternans were present at CL 190 ms before AF initiation.
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restitution slope was often <1 in such patients.8 Mechanistically, 
patients with persistent AF had structural remodeling (larger LA 
diameters in Table I in the online-only Data Supplement), which 
could potentially contribute to alternans via dynamic conduction 
slowing (restitution) as we recently reported.17

Alternatively, it is possible that proarrhythmic remodeling 
in persistent AF may reflect calcium overload. Indeed, in the 
ventricle, calcium overload is known to lower the rate thresh-
old for AP alternans.15,16,24 Previous studies have demonstrated 
abnormal calcium handling in the atrium,25 as recently sug-
gested by our own work using computer modeling.26 Further 
studies are required to determine whether cellular calcium 

overload explains the early presence of atrial AP alternans in 
AF patients at slower rates. At the present time, this mecha-
nism remains speculative.

Finally, the absence of AP or APD alternans until rate accel-
erates to the point of AF onset may reflect a pure steep APD 
restitution mechanism at markedly elevated rates.8

Cellular Mechanisms
It is interesting to put these data on human MAP alternans 
into the context of possible cellular pathology underlying 
alternans and arrhythmogenesis. It is now well established 
that APD alternans may reflect oscillations in intracellular 

Figure 5. Absence of spectral action potential (AP) alternans in a non–atrial fibrillation (non-AF; control) subject until just before AF onset, 
in a 66-year-old male presenting for ablation of premature ventricular complexes. A, Cycle length (CL) 500 ms, no significant alternans by 
AP duration (APD) or spectral analysis. B, CL 320 ms, no APD or spectral AP alternans. C, Both spectral AP alternans and APD alternans 
were present at CL 210 ms before AF initiation.
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atrial calcium27,28 as well as the ventricle.16,24 The progressive 
exaggeration in atrial AP alternans in our study from controls 
to those with paroxysmal AF followed by persistent AF may 
reflect recent data that calcium oscillations magnify with atrial 
stretch,29,30 as evidenced by progressive atrial dilation between 
these groups (Table I in the online-only Data Supplement) and, 
as recently postulated, the direct regression of atrial T-tubules 
with electric remodeling from AF.31

Clinical Implications
Spectrally measured AP alternans near rest, and then at higher 
rates, may provide a predictive tool for AF vulnerability. 
Spectral AP alternans at baseline may indicate remodeling 
from clinical AF, whereas small baseline amplitude AP alter-
nans with rate amplification may indicate paroxysmal rather 
than persistent AF. Unipolar intra-atrial electrograms from 
implanted pacemaker leads may provide surrogate measures 
of AP alternans, as shown in animal models.32,33 If robust, 
detection of spectral AP alternans near resting heart rates may 
be an effective clinical surrogate for the often-multiple or con-
tinuous ambulatory recordings required to capture paroxysmal 
AF in clinical practice,34 but further studies are required.

These findings could direct pacemaker-initiated therapies 
for prevention of paroxysms of AF, even those with no pre-
vious AF history. Other therapies directed to attenuate these 
oscillations, such as medical suppression of abnormal calcium 
handling,11 may reduce AF vulnerability.

Limitations
The major limitation of this study is our small number of con-
trol patients, reflecting difficulties in enrolling patients without 
AF for this potentially prolonged pacing protocol, as well as 
difficulties in obtaining MAP catheters. Nevertheless, despite 
the limited number, all control patients demonstrated absence 
of alternans (spectral and APD) at baseline. Second, we did not 
study multisite pacing or MAP recordings. Third, our study 
focused on slow pacing, rather than sinus rhythm. Studies to 
improve spectral AP alternans detection during sinus rhythm 
are planned. Fourth, cardiac motion, respiration, or baseline 
wander could theoretically affect our recordings, although these 
artifacts may not alternate beat to beat. Furthermore, alternans 
during pacing often showed a high signal-to-noise ratio. Fifth, 

to avoid ectopy during long pacing runs for spectral analysis in 
this study, we used pacing cycle length 500 ms as the slowest 
rate. Sixth, we defined atrial spectral AP alternans as k-score 
>0.67, which was optimal compared with k-score cutpoints of 
1, 2, and 3, and represents the top 25% of alternans values. Of 
note, k>0.67 is a comparison to a control bandwidth, rather 
than noise from random voltage fluctuations (that are aperi-
odic). Seventh, although pacing may distort phase III and IV 
of the AP, AP alternans was clearly present at baseline pacing, 
and analysis of phase II at fast rates demonstrated alternans. 
Eighth, and lastly, our study patients were predominantly male, 
reflecting our Veterans Affairs population. It is not clear that 
atrial repolarization dynamics has a difference between sexes, 
but further studies are required.

Conclusions
The measurement of atrial AP alternans by spectral analysis 
provides sensitive clinical index for propensity to AF. Spectral 
AP alternans was present in AF patients at baseline pacing, 
even when APD alternans was absent. The differences in the 
presence and magnitude of AP alternans at baseline and the 
progressive abnormalities with faster pacing revealed a spec-
trum of atrial substrates and AF vulnerability. Further studies 
should examine whether detection of spectral AP alternans 
when not in AF may be an effective clinical surrogate for the 
often-multiple or continuous ambulatory recordings required 
to capture paroxysmal AF in clinical practice.
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Clinical Perspective
Few risk factors for the development of human atrial fibrillation (AF) predict an individual’s propensity to AF. Recent clini-
cal and translational studies show that AF is a predominantly reentrant arrhythmia and that dispersion in action potential 
(AP) duration (APD) leads to wavebreak and AF onset. However, measures of APD focus only on the AP terminus, ignor-
ing changes in the AP shape that may reflect important components of atrial remodeling. We hypothesized that spectrally 
measured alternans of atrial AP shape may be a more sensitive marker of AF vulnerability in patients than alternans of APD. 
We found that although alternans of APD was present in few AF patients at slow (baseline) heart rates, spectrally detected 
AP alternans was present in the majority, yet absent in controls. The prevalence and the magnitude of spectrally detected 
AP alternans was greatest in patients with persistent AF, in whom it showed minimal amplification at increasing heart rates, 
followed by paroxysmal AF patients, who showed marked rate amplification, and was absent in control patients until fast 
rates just before AF induction. In conclusion, spectrally measured atrial AP alternans at slow rates is a sensitive marker of 
AF vulnerability and may help identify patients with functional substrates for AF.
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