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Exercise testing has served as the workhorse for the

evaluation of ischemia for over half a century. Once

electrocardiography was added to exercise testing,1 ECG

changes occurring during ventricular repolarization, as

manifested by ST depression, became the standard for

an abnormal ECG response. Over time, test accuracy

increased with the incorporation of the degree and time

of onset of ST duration, duration of ST depression

during recovery, exercise-induced symptoms, exercise

duration, blood pressure response, heart rate recovery,

and development of ventricular arrhythmia.2

In 1989, Detrano and colleagues estimated the

sensitivity and specificity of exercise testing to be 68%

and 77%, respectfully.3 This was based on a meta-

analysis of 147 studies performed during the previous

22 years. The addition of adjunctive imaging with

myocardial perfusion imaging (MPI) or echocardiogra-

phy to exercise testing increased sensitivity

another & 10-20% with a & 10% increase in

specificity.4

However, in most developed countries today,

patients present with less severe CAD than when these

earlier studies were carried out.2,5,6 As it is harder for a

test to detect disease with a test if the disease is less

severe,2,7,8 the sensitivity and specificity of exercise

testing have likely suffered since the meta-analysis of

Detrano. This has resulted in clinicians increasingly

relying on adjunctive imaging to obtain greater test

accuracy. As well, patients presenting for stress testing

are often older than in earlier times and less likely to be

able to achieve[ 85% of maximum predicted heart rate.

Each limits exercise testing accuracy, again encouraging

adjunctive imaging.

One option to increase exercise test sensitivity in

this time of decreasing CAD severity is to expand the

threshold for a positive test to include not only[ 1 mm

of flat or horizontal ST depression, but also[ 1.5 mm

of upsloping ST depression.2 Doukky and colleagues

have also recently suggested the potential of lowering

the ECG threshold for abnormal ST depression during

vasodilator stress to[ 0.5 mm of flat or horizontal ST

depression.9,10

In this issue of the Journal, Balfour, Bourque, and

colleagues at the University of Virginia explore a new

opportunity to improve exercise test sensitivity by

quantifying the subtle changes that occur in the propa-

gation of the wavefront of depolarization as it moves

through areas of ischemic myocardium.11 Building on

the work of earlier investigators, these authors found

that incorporating an assessment of these high fre-

quency, low amplitude signals that occur during the

QRS complex to standard 1 mm of ST depression cri-

teria increased test sensitivity to detect ischemia as

assessed by MPI, improved the prediction of outcomes

over a 5.3 years of follow-up and added to the prediction

of patients who would be referred for early

revascularization.

HOW IS ISCHEMIA EVALUATED DURING
VENTRICULAR DEPOLARIZATION?

The standard ECG uses filtering to assess wave-

forms with frequencies of 0.05-100 Hz. These

waveforms have amplitudes measured in mVolts (mV).

Note, a typical R wave measures 5-15 mV and will be
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measured as 5-15 mm on a standard ECG tracing. These

waveforms are termed low frequency, high amplitude.

However, the converse, high frequency, low amplitude

waveforms also occur during the ventricular depolar-

ization. As reviewed by Goldberger and colleagues,

these high frequency waveforms make up\ 3% of QRS

amplitude. These waveforms, abbreviated as HFQRS

waveforms are approximately 100 times smaller in

amplitude and are thus measured in microvolts (lV)
rather than millivolts.12 Investigators have long consid-

ered the diagnostic potential of these potentials on the

resting ECG.

HFQRS waveforms can be measured if an ECG is

obtained at a high sampling rate, e.g., 1000 samples per

second (1000 Hz), also called an expanded bandwidth,

and if a filter is used to minimize signals other than high

frequency waveforms of 150-250 Hz.

In 1987, Abboud and colleagues demonstrated a

decrease in HFQRS waveform amplitude during ische-

mia induced by balloon inflation in a coronary artery.13

They averaged multiple QRS complexes to decrease

extraneous electrical noise and applied a filter to

suppress waveforms not in the 150-250 Hz range. The

intensity of the HFQRS waveforms was expressed by

using their root-mean-square (RMS) values which

reflect the average amplitude of the signal, be it positive

or negative. The RMS is calculated by squaring the

amplitude of each electrical signal, determining the

mean of these squares and then the taking the square

root of this mean.

In 2010, Ringborn, Pettersson and colleagues also

assessed HFQRS during balloon inflation.14,15 They

used software developed by the Signal Processing

Group at Lund University, Sweden. The onset and

offset of the QRS were determined from a signal

averaged ECG in the standard frequency range (0.05-

100 Hz) prior to the next step of using a filter to

measure the electrical potentials in the 150-250 Hz

range. They found the degree of decrease in HFQRS

amplitude during balloon inflation, which they assessed

by RMS, served as a better arbiter of ischemia, as

assessed by Tc-99 m sestamibi injection during balloon

inflation, than ST elevation occurring on the standard

ECG.

WHAT IS THE MECHANISM FOR THE DECREASE
IN HFQRS WAVEFORM INTENSITY DURING

ISCHEMIA?

The currently accepted mechanism as to why

HFQRS waveform intensity decreases during ischemia

was reviewed by Amit and colleagues.16 The extensively

branching His-Purkinje system results in a vast array of

myocardial activation sites during normal depolarization

resulting in a depolarization wavefront with numerous

HFQRS signals. However, ischemia results in a slowing

of the conduction from one myocyte to another, result-

ing in a decrease in the amplitude of high frequency

waveforms as depolarization moves through this area of

ischemia. This is illustrated in Figure 2 in the article by

Balfour et al.11

In 2012, Sharir and colleagues evaluated HFQRS

during exercise MPI in 996 patients.17 HFQRS was

assessed using advanced signal processing software

(HyperQ) developed by Biological Signal Processing

(Tel Aviv, Israel). Criteria for HFQRS positivity in an

individual ECG lead was a decrease in the RMS of

HFQRS waveforms measured during the QRS of[ 50%

from their maximum to their minimum with a minimum

absolute[ 1 lV decrease. Using ROC analysis, they

found the optimal criteria for test accuracy in an

individual patient was 3 or more leads with an abnormal

HFQRS response. HFQRS outperformed ST depression

as a predictor of MPI detected ischemia and the number

of positive HFQRS leads correlated with ischemic

extent. An example of a patient with severe ischemia

on MPI with 9 ECG leads with an abnormal HFQRS

response is shown in the Figure 1.

Rosenmann and colleagues evaluated the addition

of HFQRS to ST segment evaluation during exercise

testing in 113 women.18 Using coronary angiography as

the gold standard, the addition of HFQRS improved

specificity. In addition, the number of leads with

abnormal HFQRS response correlated with the degree

of angiographic CAD. Conti and co-workers found the

addition of HFQRS to ST segment depression in 622

patients undergoing stand-alone exercise testing

improved the prediction of cardiac events over the

ensuing 6 months.19 Lipton and colleagues had earlier

found HFQRS to add to ST depression in the prediction

of ischemia in 139 patients undergoing exercise MPI.20

HyperQ software was used in each of these studies.

The outstanding contribution of Balfour, Bourque,

and colleagues adds to previous investigations in their

findings that HFQRS prospectively provided prognostic

information above and beyond ST depression over a

prolonged period of follow-up, 5.3 years, and their use

of an overt strategy to add HFQRS to ST depression

rather than to consider the two measures competitive.11

In the setting of decreasing CAD severity, this inclusive

strategy is welcome. Using both ST depression and[ 3

leads with abnormal HFQRS as their criteria for

positivity, they also found HFQRS to result in a net

reclassification of 25% of patients studied.

As this was a study of patients referred for exercise

MPI, it disadvantaged the comparison of the accuracy of

ST depression relative to HFQRS waveforms. Some of

the patients undergoing an evaluation of CAD by stress
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testing would undergone stand-alone exercise testing at

which time they may have been found to be positive by

ST depression. Hence, such patients would have not

proceeded to exercise MPI and not have been included

in this study.

Based on their study, Balfour and colleagues also

raise the potential that adjunctive MPI could be avoided

in patients whose exercise test demonstrates both a

normal ST and HFQRS response, and who presumably

do not develop exercise-induced symptoms consistent

with ischemia.

LIMITATIONS

The chief limitations of HFQRS are two-fold: (1) A

lack of availability of software to assess HFQRS on

most ECG equipment used for stress testing, though the

software and high sampling rate are available on some

Figure 1. An example of a patient with severe ischemia on myocardial perfusion imaging with
exercise-induced decreases in high frequency QRS waveform amplitude, as measured by root mean
square, in multiple leads (A) associated with mild ST depression by ECG (B). HFQRS
decreases[ 50% are signified by red trend lines. HyperQ on the x axis signifies the decrease in the
HFQRS root mean square. Reprinted with permission from17.
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Schiller equipment. (2) The need for sinus rhythm with a

relatively noise-free QRS which is\ 120 ms in dura-

tion. In the study of Balfour, 27% of patients were

excluded for these electrocardiographic reasons.

Future work that will build confidence in HFQRS

technology and add further diagnostic and prognostic

information are multi-center studies. Almost all studies

to date have been single center. Additionally, studies to

date have also included patients who achieve[ 85% of

maximum predicted heart rate. Just as ST depression

adds important information in patients whose exercise is

submaximal, HFQRS may as well, suggesting that this

population be studied.

CONCLUSIONS

Practitioners and investigators with access to this

software technology are encouraged to consider the

addition of HFQRS in electrocardiographic assessment

during exercise testing, stand-alone, or with adjunctive

imaging, and further determine the role it will play in the

diagnostic and prognostic evaluation of patients with

suspected CAD. Vendors are encouraged to build this

technology into new stress testing equipment and to

create the opportunity to incorporate it into existing

equipment.
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