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Abstract

The potential of an index of cardiac interbeat fractal complexity 
(DFA a1) to demarcate low intensity training was undertaken 
in a recreational athlete. The influence of absolute heart rate 
elevation versus work rate as factors responsible for loss of 
interbeat complexity was also examined via the usage of beta 
adrenergic blockade. Incremental cycling ramps were performed 
with and without the beta adrenergic blocking agent Atenolol 25 
mg measuring DFA a1 during the last 2 minutes of each stage. No 
difference was seen between control and Atenolol trials for lactate 
thresholds, ventilation rates, rectus femoris muscle O2 desaturation 
and DFA a1 despite a 15 to 20 beat decrease in heart rate across 
all stages in the Atenolol trial. In both studies, DFA a1 progressively 
declined with cycling power reaching a value consistent with white 
noise at 25 Watts above the first ventilatory threshold. 

In conclusion, DFA a1 transition to an uncorrelated low complexity 
state occurred just above the VT1. In addition, the complexity index 
was related to cycling power, ventilation and presumably VO2 
rather than the absolute heart rate. Longer constant power intervals 
near VT1 did not show additional or progressive complexity loss. 
DFA a1 may be a promising guide for low intensity training zone 
demarcation.
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low intensity zone is contentious [6] but may involve work rates 
at or below the first ventilatory or lactate thresholds. In addition, 
various formulas derived from power or heart rate relationships 
have also been advocated for zone definition but without knowing 
VO2max, ventilatory or lactate breakpoints, may not correspond 
to a given individuals low intensity zone [7-10]. Although training 
zone relationships may be more physiologically appropriate using 
gas exchange derived ventilatory thresholds or blood lactate studies 
[10], these methods are less attractive given the equipment needed, 
cost, invasiveness and need for near maximal efforts. Unfortunately, 
there has not been a reliable, objective, non-invasive, submaximal 
technique to delineate the transition out of an easy effort, into higher 
workloads. 

The short term index of fractal complexity of the cardiac RR 
interbeat interval (DFA a1) has received attention for providing 
insights into both normal physiology as well as various disease states 
[11]. Although beyond the scope of this report, Goldberger et al. 
review points out that a cardiac interbeat DFA a1 near 0.5 represents 
an uncorrelated random distribution of values (white noise), whereas 
DFA a1 at rest in a normal individual is generally above 1 (either 
ordered Brownian noise or having long term fractal correlations). 
Several studies have shown that when measured during activity, the 
DFA a1 decline toward randomness is related to exercise load [12-
16]. This is an attractive relationship to explore as an alternative to 
simple heart rate or power guidelines for endurance training intensity 
prescription.

The purpose of this case report is twofold. Given the importance 
of limiting training intensity to below the first ventilatory or lactate 
threshold, can interbeat complexity loss be used as a surrogate 
marker? Since the first ventilatory threshold may correspond to a 
different workload than the first lactate threshold [17,18], utilizing 
an appropriate index of heart rate availability could be helpful. To 
help answer this, a study involving one subject (author BR) will be 
presented with physiologic measurements derived from gas exchange, 
lactate testing along with the corresponding behavior of DFA a1.

A second issue to be addressed is whether DFA a1 decline is a 
function of work load or simply related to exercise induced heart 
rate elevation? Although exercise intensity is generally related to 
heart rate [19], it may be misleading to assume that complexity loss 
is a simple consequence of a higher heart rate with shorter interbeat 
intervals. It is certainly plausible that complexity loss is more closely 
related to VO2, work rate or cardiac output rather than absolute heart 
rate [20,21]. 

Since beta adrenergic blocking agents reduce heart rate during 
exercise but maintain similar VO2 max, lactate thresholds [22] and 
cardiac output [23], they are ideally suited to answering this question. 
Although heart rate is diminished after beta blockade treatment, there 
is a compensatory rise in stroke volume, maintaining cardiac output 
at usual levels [24]. Taking advantage of the similar workrate to VO2 
relation but at lower heart rates, a comparison of DFA a1 during a 
progressive exercise test, with and without beta blockade will be done 
in the same individual. 

Introduction
Proper modulation of endurance exercise intensity is essential for 

optimal training and rehabilitation [1,2]. Typical training intensity 
ranges are defined as zone 1 (below the first ventilatory threshold), 
zone 2 (between the first and second ventilatory threshold) and zone 
3 (above the second ventilatory threshold) [3]. Attention has been 
recently focused on the need for the vast majority of endurance 
training to be at “low intensity” or zone 1 for marathon running, 
cycling and cross country skiing [4]. A recent publication showed 
that marathon runner’s performance scores were strongly predicted 
by the volume of easy continuous runs during the first seven years 
of their sports careers [5]. However, the exact upper limit of this 
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Case Report
Participant

The subject was a 62 year old male, recreational cyclist (author 
BR) with no past medical history. Training consisted of approximately 
150 miles of mixed intensity road riding each week. 

Height was 185 cm and weight 80 kg. There were no regular 
medications, significant past medical history, no tobacco, alcohol, 
caffeine or recreational drug use. Ethical approval of this study was 
waived in accordance with the recommendations of the 1995 Data 
Protection Directive and local ethics review board because the author 
was the subject of his own research and consented freely to the study 
and data sharing.

VO2 max testing was performed at the University of Florida 
Sports Performance Center (Gainesville, FL, USA) using a standard 
metabolic cart (Viasys, CareFusion; Yorba Linda, CA; USA). After a 
30 minute warm up consisting of intermittent, variable power cycling, 
the subject began cycling at 100 Watts, increasing 30 Watts every 3 
minutes to exhaustion. The test was performed with the subject’s own 
bicycle on an electrically controlled trainer. A cadence of about 80 
RPM was maintained throughout the test. Gas exchange testing was 
done with the metabolic cart and power monitoring done by both the 
test center’s electrically controlled trainer as well as the subjects own 
power meter. Lactate measurements were taken at the end of each 
ramp stage by the testing staff using the Lactate Plus monitors (Nova 
Biomedical, Waltham, MA). The lactate thresholds during the VO2 
max testing were calculated using the template software of Newell 
[25] and confirmed by visual inspection by the Center director. 
Ventilatory threshold evaluation was done by metabolic cart software 
using both V slope and PetO2 methods. 

Study design

The study was composed of two parts. The initial section was 
that of investigating DFA a1 behavior during progressive, 5 minute 
constant power cycling intervals with and without beta blockade. The 
second part was to determine if the DFA a1 index remained stable 
over longer, 10 minute cycling intervals just below and above the first 
ventilatory threshold (outlined in simulated training ride).

DFA a1 performance relative to cycling power and heart rate

Non exhaustive cycling ramps with and without beta blockade 
were done with the subjects own bicycle on a resistance trainer (Elite 
Muin, Fontaniva, Italy). Each submaximal ramp session was done 
at the same time (8 am), same ambient temperature of 23 degrees 
C, and 1 hour after the ingestion of 100 ml of grapefruit juice. Two 
sessions were done, a control ramp (Ctrl) followed one week later by 
a similar ramp done 60 minutes after ingesting 25 mg atenolol (Aten). 
Atenolol 25 mg was chosen based on Chou et al. [23]. Before each 
ramp session the subject cycled for 15 minutes at 80 to 120 Watts. The 
ramp commenced at approximately 110 Watts with an incremental rise 
of 25-30 Watts every 5 minutes. Between ramps stages, pedaling were 
temporarily stopped, the fingers washed and the lactate measured (60-
90 seconds from stopping) by fingerstick. The test was terminated when 
lactate rose above 5 mmol. Cadence varied between 60 to 80 rpm. 

Simulated training ride

To investigate the possibility that DFA a1 would continue to 
change after a longer time of exercise, a series of simulated training 
rides were done. Each 10 minute test segment was done on a different 

day and were performed 1-2 weeks after the last ramp session under 
similar conditions with the same equipment (at 8 am, 23 degrees 
C and 1 hour post ingestion of 100 ml grapefruit juice). After 45 
minutes of continuous cycling on the indoor trainer (at or below VT1 
power), 10 minute intervals at 10 Watts below VT1, near VT1 and 
25 Watts above VT1 power was done (163w, 183w, 197w). Cadence 
varied between 68 and 72 rpm. 

Measuring tools

Power was measured by the Assomia Duo pedal device (Favero 
Electronics srl, Arcade, Italy) with a reported accuracy of 1% and a 
sample rate of 1 Hz. Manufacturer recommended calibration was 
done prior to each session.

Heart rate and R-R intervals were recorded with the Hexoskin 
vest at a sampling frequency of 256 Hz (Carre Technologies Inc., 
Montreal, Canada). The RR intervals were extracted and analyzed by 
Kubios software (Kubios HRV 3.3, Biosignal Analysis and Medical 
Imaging Group, Department of Physics, University of Kuopio, 
Kuopio, Finland). Artifacts were less than 1% and most intervals had 
zero artifacts. DFA a1 metrics were determined for the last 2 minutes 
of each ramp stage (4 and 5 minutes).

Ventilation rate was measured with the Hexoskin garment 
(sample rate 128 Hz). This has been shown to provide reasonable 
accuracy with 5.3-7.9% error [24] during cycling.

Lactate assessment was performed by the Lactate Scout handheld 
meter (EKF Diagnostics, Cardiff, England). Control solution testing 
was done prior to each session. Log-log and fixed 4 mmol lactate 
thresholds were calculated as per software written by Newell [25].

Desaturation kinetics of the rectus femoris were recorded with 
an NIRS device, the Humon Hex (Dynometrics, Inc., Boston, Ma). 
This device has been shown to agree closely with a benchtop NIRS 
measurement system [25] for the measurement of quadriceps muscle 
oxygen saturation.

Perceived effort was graded according to the Borg scale for each 
ramp stage.

Statistical technique and data interpretation

Average power was calculated for each ramp interval by 
spreadsheet (Apache OpenOffice). Both average heart rate and DFA 
a1 were assessed for the last 2 minutes of each 5 minute ramp level or 
for every 2 minute window during the simulated training ride by the 
Kubios software. Ventilation rate and Rectus Femoris O2 saturation 
were also averaged for the last 2 minutes of each ramp stage from the 
raw Hexoskin data and the Humon Hex sensor respectively. 

Results
VO2 max test

Peak heart rate was 179 bpm, first ventilatory threshold occurred 
at 58% of maximum stable VO2, which corresponded to the 172 Watt 
stage of the test. The first lactate threshold occurred at 223 Watts (via 
log-log plot) with an OBLA (4.0 mmol lactate) of 285 Watts. Peak 
stable oxygen consumption was 55 ml/kg/min which occurred during 
the final 330 Watt stage.

DFA a1 change relative to cycling power and heart rate with 
and without Aten 

Power: Beta blockade ramp intervals were matched to control 
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intervals for power as closely as possible. The mean power of each 
Aten stage was within 5% of control (Table 1). 

Ve: Ventilation rates for each Aten stage were generally within 
5% of control. Several intervals were matched exactly.

Lactate thresholds: The first lactate threshold was 211 Watts 
for the control and 219 Watts for the Aten study. Estimated OBLA 
(4 mmol) was 271 Watts for the control and 263 Watts for the Aten 
trial. Given the variability with lactate testing in general, it was felt 
that there was no significant difference in either the first or second 
thresholds with respect to Aten, control or VO2 max ramps. 

Heart rate: Heart rate was between 15 and 20 bpm lower during 
the Aten session at each stage of power. 

Rectus Femoris NIRS: Desaturation patterns of the Rectus 
Femoris were similar between control and Aten ramp trials.

Perceived effort: There was no major difference in perceived 
effort between the control and Aten studies. 

Interbeat complexity: DFA a1 did decrease with rising cycling 
power in both Aten and control trials to a similar degree (Figure 
1b). DFA a1 decline also was similar across both control and Aten 
ramp studies when compared to Ve (Figure 1c), which is logical 
considering the close relation between work rate, VO2 and Ve [19]. 
For instance, at the power associated with LT1 (220w), Ve and DFA 
a1 were virtually identical (97 L/min/0.343 vs. 95 L/min/0.336) in the 
control and Atenolol session respectively. Heart rate rose during both 
the control and Aten progressive cycling ramps with the expected 
shift of the heart rate to power curve seen with beta blockade (Figure 
1) [23].

The Aten study showed a drop of DFA a1 into low complexity 
values at heart rates typically associated with normal complexity 
(Figure 1a). For example, comparing ramp trials at a similar heart 
rate of about 125 bpm (but with different average power), DFA a1 
during Aten cycling was 0.336 whereas that of the control ramp 
was 0.723. In summary, DFA a1 values of the Aten and control 
sessions were similar across workloads and Ve but not heart rates. 

Furthermore, in both control and Aten ramps, the workload at which 
DFA a1 transitioned from correlated to uncorrelated RR complexity 
properties (white noise) was near the first ventilatory threshold. There 
was a continued decrease of DFA a1 as cycling power and ventilation 
increased Table 1.

Simulated training ride: As seen in Table 2 and Figure 2, after an 
initial 45 minute segment at or below VT1 power, DFA a1 and heart 
rate remained relatively stable from minute 4 through the 10 minute 
continuous test interval. Each DFA a1 value was based on the prior 
120 seconds and there were zero artifacts in each session. There was 
no systematic decline in DFA a1 complexity over time Figure 1.

Discussion
This report explores the utility of a nonlinear index of heart rate 

variability, namely DFA a1, to demarcate the zone of low intensity 
endurance training. Additionally, an evaluation of absolute heart 
rate versus workload, as factors driving interbeat complexity was 
done. DFA a1 complexity loss appears more a function of physical 
workload or VO2 rather than absolute heart rate elevation. The rise 
in heart rate with progressive cycling power was blunted by Atenolol 
treatment; however the interbeat complexity index was not affected to 
a noticeable degree. Moreover, as a surrogate for VO2, both cycling 
power and Ve were both related to DFA a1 values in a similar fashion 
during each ramp condition. There have been several studies showing 
that DFA a1 values will decrease with progressive exercise loading 
[12,16,20,21]. One could say this is due to heart rate rise with shorter 
interbeat intervals that simply don’t have the time related bandwidth 
to maintain complexity. In this case report, the stroke volume, heart 
rate relationship was altered by utilizing Atenolol, with the final 
cardiac output unchanged. Although cardiac output nor VO2 were 
directly measured, the use of Ve as a surrogate for VO2 [19], along 
with vasti desaturation kinetics as an index for arterial-venous O2 
extraction [26,27], provides a reasonable premise for similarity of 
VO2 in control and Atenolol treatment conditions. In view of the 
proposal to link complexity loss with rising VO2, let us also consider 
the study by Gronwald regarding effects of cycling cadence and DFA 
a1 [14]. Here, although mechanical power was fixed, a cadence of 

Power (watts) Heart rate
Ctrl-Aten

DFA a1
Ctrl-Aten

Artifacts (%)
Ctrl-Aten

Lac (mmol)
Ctrl-Aten

RF O2 sat (%)
Ctrl-Aten

Ve (L/min)
Ctrl-Aten

RPE
Ctrl-Aten

110 110-94 1.37-1.35 0-0 1.4-1.6 53-52 59-52 2-2

136 115-101 1.11-1.27 0-0 1.4-1.7 50-51 61-58 2-2

157 121-108 0.994-0.917 0-0 1.4-2.0 50-52 63-63 3-3

175 127-114 0.723-0.666 0-0 1.3-1.7 49-51 71-71 4-4

197 134-119 0.542-0.503 0-0 1.4-1.8 49-50 79-79 5-5

225 143-125 0.343-0.336 0-0 2.0-2.0 47-49 97-95 6-6

254 151-131 0.269-0.297 0-0.76 2.4-3.5 44-47 117-117 7-7

290 160-140 0.243-0.241 0-0.71 5.8-7.1 37-42 170-180 8-8

Table 1: Results per ramp stage for Control (Ctrl) and Atenolol (Aten) trials. From left to right, the first column is average 5 minute power in watts, heart rate in bpm, 
DFA a1, Artifacts in percent, Lactate in mmol/L, rectus femoris muscle O2 saturation in percent, ventilation average over last 2 minutes of ramp stage in L/min and 
RPE at each stage end.

Time in min DFA a1 163w HR 163w DFA a1 183w HR 183w DFA a1 197w HR 197w
2 1.14 118 0.874 123 0.902 124
4 0.962 122 0.573 130 0.361 133
6 0.812 123 0.657 129 0.421 133
8 0.905 123 0.789 130 0.45 134

10 1.04 123 0.656 130 0.495 135

Table 2: After 45 minutes of cycling at or below VT1 power, ten minute constant power intervals were done at 163, 183 and 197 Watts (VT1 minus 10w, VT1 plus 10w 
and VT1 plus 25w). DFA a1 and average heart rate for each 2 minute window of continuous power is shown at 2, 4, 6, 8 and 10 minutes elapsed time.
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Figure 1: 1A DFA a1 relationship to heart rate. Control (solid) vs Atenolol treated (open). 
Figure 1B - DFA a1 relationship to cycling power in watts. Average 5 minute power and DFA a1 in control (solid) and Atenolol treated (open). Curve fitting in 
both 1a and 1b was done as a second order polynomial. Figure 1C - Ventilation vs DFA a1 with control (solid) and Atenolol (open).
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determination, even by triple criteria methods, may not be detectable 
in up to 10% of subjects [31] lastly; gas exchange testing is costly, 
equipment intensive and usually requires high intensity efforts.

Therefore, in many situations athletes may be left with markedly 
different work rate recommendations for low intensity training as 
illustrated in this subject whose VT1 by gas exchange was 40 Watts 
below their measured first lactate threshold by log-log methods 
despite both being done at a major university sports lab. If the subject 
were to do the bulk of their “easy” (zone 1) training just below the LT1 
measured via lactate blood testing, they would be spending significant 
amounts of time exposed to unwanted physiologic stress as expressed 
by the DFA a1 [32]. Since the DFA a1 index decline exhibited an 
incremental relation to workload in both control and Atenolol ramps, 
a logical extension is leveraging this for training intensity distribution 
purposes. For instance, at the subjects VT1 power, the DFA a1 was 
about 0.7, but at a power 25 Watts higher, dropped to 0.5 (white noise), 
and rose to near 1 at a power 20 Watts lower. This indicates a usable 
dynamic range for intensity monitoring purposes. Further, utilizing 
DFA a1 transitions as a means to define low level, high volume 
training is also supported by the relative stability over longer time 
frames. During the simulated training intervals, DFA a1 remained 
stable over a 10 minute continuous segment, despite the subject 
already having spent 45 minutes at or below VT1 power, without a 
trend toward loss of complexity over time. At power levels 10 Watts 
below VT1, there were never any values below .8 but at a power 25 
Watts above VT1, all values were uncorrelated (white noise). During 
a work rate several Watts above VT1, DFA a1 varied from 0.57 to near 

120 rpm induced higher RPE, lactate, heart rate and lower DFA a1 
compared to standard cadences of 60-90. Given the major loss of 
cycling efficiency at cadences at or above 120 rpm [16], it would be 
expected that the subjects were operating at a higher VO2 for the 
same net cycling power compared to the usual cadence. This was also 
supported by the higher lactate values and RPE in the high cadence 
group. In this situation, DFA a1 was still tied to VO2 rise (with heart 
rate elevation part of the VO2 relationship) rather than the power 
measured mechanically. Mechanisms revolving around DFA a1 
behavior may relate to “organismic stress” [14,16] as well as models of 
central fatigue [28,29]. The close relation of complexity decline with 
workload and VO2 rather than absolute heart rate is further evidence 
of this concept.

Another goal of this study was to determine if there was a 
physiologic breakpoint where DFA a1 transitioned from correlated to 
uncorrelated states as a surrogate for obtaining VT1 by lactate testing 
or gas exchange. The underlying basis of the lactate and ventilatory 
threshold is a continuing matter of debate in the sports literature 
[5,15,16,29]. Even proponents of a tight association between VT1 and 
LT1 show only a moderate correlation coefficient when examined 
statistically [5]. The measurement of lactate thresholds obtained 
by ramp testing is common but do we choose log-log, linear spline 
intersections or fixed levels such as 2 mmol for our zone ceiling [29]? 
Obtaining VT1 related training zone information by gas exchange 
testing may not provide a more accurate guideline. VT1 derived from 
computer software regression methods may yield variable results [30], 
making the VT1 obtained in this study potentially inexact. Visual 

Figure 2: Simulated training ride. DFA a1 values for 163, 183, 197 Watt continuous interval power calculated with a 2 minute window with the legend defining 
each session. Solid horizontal lines correspond to the average DFA a1 from minute 4 to 10.
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Sports Med 38: 666-674. 
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0.8, with an average similar to that during the 5 minute control and 
Atenolol ramp trials. Based on this case report study, using a cycling 
power that avoids DFA a1 complexity loss seems to be a reasonable 
training prescription guideline for low intensity sessions.

If this metric is to be pursued further, a comment on the 
importance of avoiding ECG artifact is appropriate. In many HRV 
studies, an artifact rate below 5% is considered acceptable [33,34]. 
However, there is evidence showing that nonlinear indexes of HRV 
are affected by even low levels of artifact [35]. This is not the case with 
other indexes of HRV where artifact correction methods may preserve 
underlying data [36,37]. Even a low level of artifact correction tends 
to raise the degree of interbeat complexity, creating a misleading 
result. The artifact percent at each ramp stage was clearly stated to 
highlight the quality of the ECG measuring, and resultant validity of 
nonlinear parameters. 

In summary, DFA a1 correlation properties were reduced with 
increasing exercise effort as shown in prior studies [11-14]. Both 
cycling power and ventilation correlated with DFA a1 decline in a 
similar fashion with or without the use of the beta blocker. Atenolol 
shifted the heart rate to power relationship but did not disturb the 
association of interbeat complexity with workload. Given that both 
the cardiac output and VO2 should have been similar between control 
and Atenolol conditions [21], it can be inferred that the DFA a1 index 
is related more to the subject's overall organismic demands rather 
than absolute heart rate elevation. The transition to an uncorrelated 
DFA a1 state occurred near the measured first ventilatory and lactate 
thresholds. This association with an early physiologic breakpoint 
seems to be of interest for training zone manipulation and fitness 
status, and further research should more deeply explore these 
relationships. Along this line, if these results were to be replicated 
on broader panels, it could be suggested that with current endurance 
exercise recommendations (centering on spending large amounts 
of time in a low-intensity state), utilization of a low cost, readily 
available metric that can be obtained without maximal effort would 
be particularly attractive.
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