708
Heslegrave and Furedy                                                Vol. 20, No. 6
707
November, 1983                                    On the Utility of T-Wave Amplitude


	Back to Psychophysiological
	Home Page


Psychophysiology, Vol. 20, No. 6, November 1983, pp. 702-708

Utility_T.doc

On the Utility of T-Wave Amplitude: A Reply to Schwartz and Weiss
Ronald J. Heslegrave
Defence and Civil Institute of Environmental Medicine, Toronto
and John J. Furedy
Department of Psychology, University of Toronto
ABSTRACT
Although Schwartz and Weiss's (1983) paper purports to be a response to Furedy and Heslegrave (1983), it does not address the central thesis of that paper: that the recent criticisms of the T-wave amplitude (TWA) index of sympathetic activity were invalid. Instead, Schwartz and Weiss (1983) prefer to raise further criticisms concerning the validity of the TWA index. In this reply, we provide some clarifications and evaluations of these further points. Our conclusion remains that these further criticisms are insufficient to support abandoning TWA, and that rather the available evidence supports continuing the critical appraisal of TWA along with other candidate sympathetic indices.
DESCRIPTORS: T-wave amplitude, Noninvasive sympathetic indices, Heart rate, Pulse transit time, Pre-ejection period, Ventricular recovery, Functional refractory periods.

In "the occurrence of T-wave alternation epi​sodes ...abrupt increases in sympathetic activity are likely to play a major role in normal life. ... Our experiments ... indicate that alternation of the T-wave may depend on abrupt increases in sympathetic discharge." (Schwartz & Malliani, 1975, p. 49)

Participants in discussions of the utility of psychophysiological measures have to deal with com​plex and multifaceted issues. However, since the participants are often partisans as well, it is espe​cially difficult to avoid generating more heat than light in these discussions. In their commentary on our earlier paper (Furedy & Heslegrave, 1983), Schwartz and Weiss (1983) have repeatedly char​acterized our position as "oversimplified and in​accurate" (e.g., p. 700). In an effort to increase the light-to-heat ratio, we shall initially indicate why
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these pejoratives more accurately describe their commentary than our position. As a commentary', their treatment is inadequate for two major reasons. The first problem with their commentary is a fundamental misinterpretation of the central thesis of our paper (Furedy & Heslegrave, 1983), which was to critically evaluate the recent criticisms levied against the T-wave amplitude (TWA) index of sym​pathetic nervous system (SNS) activity and not to elaborate a "position" in defence of the validity of TWA. This limited aim is repeatedly emphasized throughout the paper: a) the title and running head specifically emphasize the significance of "criti​cisms" and do not refer to validity; b) the abstract states that "this paper examines these criticisms and finds them to be of questionable validity and cer​tainly not of sufficient strength to support aban​doning TWA" (p. 204); c) the introduction states that "the purpose of this note is not to compare and contrast the relative merits of the contractile versus electrophysiological representation of sym​pathetically-induced, ventricular myocardial ef​fects" but rather "the much more limited one of evaluating the recent criticisms of TWA" (p. 205): and d) the conclusion also states that "our aim in this paper was to question the validity of the recent criticisms of TWA" and that our "central and lim​ited (emphasis added) claim" was that "recent crit​icisms ... appeared to provide little evidence for abandoning the critical appraisal of TWA" (p. 210).
Thus, as our paper was not intended to establish the validity of TWA, it is inappropriate for Schwartz and Weiss (1983) to comment on whether or not we were successful at this purpose.
The second problem with their commentary is that they chose not to respond to our arguments against the recent criticisms. Rather, they chose to state that "while most of these arguments could be easily refuted, we prefer instead to present several problems about the use of TWA" (Schwartz & Weiss, 1983, p. 696). This rather authoritarian dictum can​not be considered an adequate response to the ar​guments made in Furedy and Heslegrave (1983). More importantly, however, such a statement is un-informative, since no hint of these refutation ar​guments is given and the reader cannot indepen​dently evaluate the veracity of this claim of easy refutability.1
Nevertheless, a paper can be an "oversimplified and inaccurate" commentary on another while still being of intrinsic interest itself. In our view, while the Schwartz and Weiss (1983) paper is inadequate as a commentary on Furedy and Heslegrave (1983), it does present valid issues concerning the utility of TWA. These problems are substantive, and de​serve serious commentary,2 although we do not agree with their assertion that these problems are "so compelling as to discourage further serious consid​eration of TWA as an adequate index of sympa​thetic nervous system activity" (Schwartz & Weiss, 1983, p. 696). The purpose of this note, then, is to clarify and evaluate these further problems raised by Schwartz and Weiss (1983) and, in light of this discussion, to reexamine our previous statement that we "should, at present, consider TWA as an ade​quate index of SNS activity" (Furedy & Heslegrave, 1983, p. 210). To maximize the relevance of our commentary, we shall use the same five headings adopted by Schwartz and Weiss (1983).
The Problems and Comments
Before dealing with each problem raised by Schwartz and Weiss (1983), it is relevant to com​ment on the general theme that pervades their cri​tique of TWA: that TWA responses are variable and hence not useful. Variation as a function of manipulations

1 We ourselves are particularly curious about the nature and scope of these "easy refutations" because many of our arguments were directed at criticisms raised by Weiss, Del Bo. Reichek, and Engelman (1980), as detailed in Furedy and Heslegrave (1983, pp. 205-208).
2Perhaps our favorable attitude toward the significance of the set of problems raised by Schwartz and Weiss (1983) is partly due to the fact that it is quite similar to the set of problems deserving of comment that we listed in our earlier paper (Furedy & Heslegrave, 1983, p. 208).

and subjects is a necessary condition for the utility of any psychophysiological measure but, of course, is not sufficient for utility. In par​ticular, if a psychophysiological measure does not result in orderly changes under systematic manip​ulations, then it will not be useful. However, it is only by critically examining measures which do produce orderly results under systematic manipu​lations that we can advance toward the common goal of understanding the phenomena of interest at the psychophysiological and physiological levels of discourse (Furedy, 1984; Furedy, Heslegrave, & Scher, 1983).
Variations in TWA Responses to Direct Stimu​lation of Cardiac Nerves. In this section Schwartz and Weiss (1983) review a number of unilateral and bilateral stimulation and ablation studies. They view these studies as refuting the utility of TWA as a sympathetic index, but this view is inaccurate on at least two grounds that we shall discuss below: 1) the unilateral studies are inappropriate as a basis for generalizing to normal, intact subjects and 2) the bilateral studies do not present the chaotic pic​ture that Schwartz and Weiss (1983) suggest.
While Schwartz and Weiss (1983) correctly in​dicate that unilateral stimulation or ganglionectomy can differentially affect the form and, conse​quently, the amplitude of the T-wave, unilateral stimulation or ablation is an "oversimplified and inaccurate" model for predicting TWA changes in bilateral, intact, nonpathological populations. The prediction is rendered inaccurate by a number of physiological facts concerning the production of the T-wave. One fact is that the observed electrocardiographic T-wave is the net result of the summed and cancelled potentials derived from the nonuniform, nonhomogeneous repolarization properties of lo​calized areas of the ventricles. Another complica​tion is that these localized areas are innervated dif​ferentially by sympathetic nerves that originate bi​laterally. Moreover, at least 90% of the electro-cardiographic effects of repolarization are cancelled (Burgess, Millar, & Abildskov, 1969). Finally, spe​cific increases in sympathetic activity act to de​crease the functional refractory periods in the lo​calized areas innervated by those nerves, and to alter the ventricular repolarization pattern and nor​mal cancellation effects. Based on these complicat​ing factors, it seems apparent that the effects of any unilateral stimulation on the T-wave will be mark​edly artificial because: a) such stimulation will re​duce the refractory periods only in those localized areas innervated by the nerves receiving stimula​tion, and b) those refractory period changes will not be modified or cancelled by refractory period changes in other areas of the ventricle that would
normally have occurred under bilateral stimula​tion. Therefore, the fact that left stellate stimulation can result in an increase in TWA (Ueda, Yanai, Murao, Harumi, Mashima, Kuroiwa, Sugimoto, Shimomura, 1964; Yanowitz, Preston, & Abildskov, 1966) is of only limited significance since en​dogenous increases in sympathetic activity will usu​ally result in bilateral stimulation in normal, intact subjects.
The bilateral studies are of more significance, but with these we suggest that a closer examination of the papers cited in Schwartz and Weiss (1983) indicates that, contrary to their claims, there is evi​dence that bilateral stimulation and ablation, re​spectively, produce appropriate degrees of TWA at​tenuation and augmentation. Regarding the effects of bilateral stimulation, Schwartz and Weiss (1983) argue that bilateral stellate ganglion stimulation can result in increases in heart rate and blood pressure but no change in TWA (Schwartz & Malliani, 1975). However, the data presented in Schwartz and Mal​liani (1975) do not support this assertion. The pur​pose of their study was to attenuate the amplitude or reverse the polarity of alternating T-waves that had been previously inverted by bilateral stellate stimulation. To accomplish this purpose, they stim​ulated the left stellate ganglion more intensely than the right. However, the fact that bilateral stellate stimulation resulted in T-wave attenuation or, in this case, inversion,3 is contrary to their argument that there is no change in TWA with bilateral stim​ulation. Rather, these data are consistent with our position that bilateral stimulation results in TWA changes that move toward less positivity, i.e., at​tenuation, or even negativity, i.e., inversion.4
Concerning the bilateral stellectomy study cited by Schwartz and Weiss (1983), they argue that min​imal changes from baseline are evident in TWA, whereas we should expect maximal changes. How-

3Thc TWA attenuation under conditions of bilateral stimulation is probably accounted for by two facts: 1) the right sympathetics can maximally shorten refractory pe​riods since they innervate the anterior and apical portions of the ventricles which have the longest refractory periods (Autenricth, Surawicz, & Kuo, 1975; Burgess, Green, Mil​lar, Wyatt, & Abildskov, 1972; Spach & Barr, 1975); and 2) some left sympathetic nerves, such as the ventromedial and innominate cardiac nerves, can also produce TWA attenuation and inversion when stimulated (Kralios, Mar​tin, Burgess, & Millar, 1975).
4With respect to their specific treatment, alternating T-waves became less negative in some animals and positive in others. This result also supports our position in that even under conditions of bilateral stimulation biased to​ward producing unilateral left-stellate effects, T-waves re​mained negative at least half of the time.

ever, we would not expect maximal TWA effects, because changes in TWA are primarily attributable to differential changes in repolarization across lo​calized areas of the ventricles (Burgess, 1979), and the elimination of both major sources of sympa​thetic innervation should have a minimal effect, the repolarization pattern having been minimally al​tered. On the other hand, the direction of this min​imal change should be opposite to that which was found for bilateral stimulation, i.e., increased pos​itivity. These expectations are confirmed by an ex​amination of the records in Yanowitz et al. (1966). These data show some changes associated with the bilateral stellectomy in most animals. In the ani​mals that underwent a right stellectomy prior to the left stellectomy, the right stellectomy resulted pri​marily in a prolonged Q-T interval and increased T-wave amplitude or a late positive T-wave com​ponent associated with prolonged refractory pe​riods. Following the left stellectomy in these ani​mals, the records return toward control levels, but the authors note that the prolonged Q-T intervals generally remain (p. 419) and the records show that the late positive component is reduced but is still more positive than control levels. In one animal receiving the opposite procedure (a left stellectomy first), the initially negative T-wave became more negative, while the later right stellectomy made the T-wave less negative than the original control data. These results from Yanowitz et al. (1966) suggest that the bilateral stellectomy procedure has some effects on the T-wave, and that, as expected, these effects are opposite in direction to that which was produced by bilateral stimulation.
Variations in TWA Changes Relating to ECG Lead Placements.5 Although the T-wave is depen​dent on lead placements, this fact has led Schwartz and Weiss (1983) to paint a picture that is both confusing and misleading. However, when these confusions are recognized, the picture that emerges is relatively clear both theoretically and empirically.
One confusing and potentially misleading state​ment is that "some leads provide almost the op​posite picture of cardiac electrical events" (Schwartz and Weiss, 1983, p. 697). To support this statement, they contrast the electrocardiograms that would emerge from the AVR lead with those that would emerge from the AVL and V6 leads. However, in terms of reversing the polarity of the T-wave, which is our primary concern, the AVR lead is the only one of the twelve standard leads that yields a T-wave of opposing polarity (and a QRS complex that is primarily negative) in normals (cf., e.g., Guyton, 1976, pp. 195-196). Hence, when one is concerned

Comments from Hal Scher were particularly valuable for this section.
about changes in TWA, the AVR lead is the only lead that is inconsistent with respect to polarity.
Related to this confusion surrounding the gen​eration of “opposite pictures of cardiac electrical events” is the statement that “if TWA attenuation occurs in AVR, TWA augmentation is likely to oc​cur in V6 and AVL” (Schwartz & Weiss, 1983, p. 697). The TWA augmentation conclusion may ap​pear to logically follow from the preceding state​ment, but in fact it does not. Simply because the initial polarity of the T-wave in the AVR lead is reversed with respect to other leads, it does not follow that attenuation in an intially negative T-wave will change to augmentation in an initially positive T-wave. In fact, the opposite should be true, i.e., either stimulus-elicited attenuation, or augmentation, should occur in both types of leads. Consider the data from Biberman, Sarma, and Surawicz (1971). In that study, isoproterenol was in​fused and the twelve-lead electrocardiographic data are presented for a 23-yr-old healthy male. The charts (Biberman et al., 1971, Figure 3) clearly show that although the AVR lead produced an inverted (negative) T-wave in contrast to the AVL and V6 leads, the isoproterenol stimulus resulted in TWA attenuation in all three leads, i.e., the AVR lead became less negative and both the AVL and V6 leads became less positive.
Another, more general, confusion is evident in the final sentence of this section, that "almost any theory of TWA change might be supported by se​lective use of individual ECG leads" (Schwartz & Weiss, 1983, p. 697). As we have already seen, Schwartz and Weiss (1983) exaggerate the degree of variability attributable to electrode placement, es​pecially with respect to the effect of major interest to psychophysiologists: stimulus-elicited changes in TWA. In addition, neither we nor others have at​tempted to support a "theory of TWA change" based on the "selective use of individual ECG leads." Rather, extensive evidence from a number of lab​oratories, recording the T-wave from limb leads I and II or from precordial leads V5 or V6, have sup​ported our assertion that behavioral-stress manip​ulations produce attenuation in positive T-waves (Bunnell, 1980; Eves & Gruzelier, 1984; Heslegrave & Furedy, 1979; Matyas & King, 1976; Penzien, Hursey, Kotses, & Beazel, 1982; Turpin & Siddle, 1978; Van Egeren, Fabrega, & Thornton, 1983). Our own view is that these TWA attenuations reflect increased sympathetic stimulation to the ventricles, but even if this view is not accepted, there remains the robust phenomenon of stimulus-elicited TWA attenuation, observed in these many psychophysiological experiments, to be explained. The expla​nation provided by Schwartz and Weiss (1983) in terms of differing electrode placements does not even

begin to explain this widely demonstrated phenom​enon of stimulus-elicited TWA attenuation.
Differentiation of Alpha and Beta Sympathetic Effects on the Heart. In this section, Schwartz and Weiss (1983) assert that the TWA index has not been shown to differentiate beta-adrenergic from alpha-adrenergic changes, and they favorably con​trast contractility-based measures, such as pre-ejection period (PEP) and pulse transit time (PTT), to TWA in this regard.
With regard to this criticism of TWA, the lit​erature, in fact, does show an example of such dif​ferentiation in the case of the dive reflex (Furedy, Morrison, Heslegrave, & Arabian, 1983; Hurwitz & Furedy, 1979). In these studies, alpha-adrenergically mediated vasoconstriction was differentiat​ed from beta-adrenergically mediated TWA atten​uation inasmuch as: a) tonic vasoconstriction was produced only by the full dive stimulus (i.e., breath-hold and face immersion), whereas breath-holding alone was both necessary and sufficient to produce phasic T-wave attenuation; and b) the amount of vasoconstriction varied inversely with water tem​perature, but TWA attenuation was unaffected by water temperature (for details, cf., Furedy et al., 1983). Thus, there is some evidence that TWA re​sponds to beta-adrenergic and not to alpha-adrenergic changes.
Concerning the adequacy of contractility-based measures to differentiate alpha- and beta-adrenergically mediated effects, the evidence in favor of these measures is equivocal. The main problem is that, unlike TWA, contractility-based measures (such as PEP, PTT, and dP/dt) are affected by fac​tors independent of myocardial beta-adrenergic in-innervation of which preload and after load arc the most important (Heslegrave & Furedy, 1980). Pre​load and afterload, in turn, are influenced by pe​ripheral alpha- and beta-adrenergic changes. Hence, although there is no direct alpha-adrenergic effect on the ventricles, changes in the PTT index of con​tractility (Weiss et al., 1980) arc not independent of alpha-adrenergic effects, as Schwartz and Weiss (1983) have argued. A similar unfavorable conclu​sion has also been reached by Newlin and Levenson (1979).
Schwartz and Weiss (1983) also adduce evidence for their thesis that PTT is independent of alpha-adrenergic effects by referring to data from a phar​macological intervention study by Weiss ct al. (1980). The data they cite (Schwartz & Weiss, 1983, p. 698) are those showing that pharmacologically-increased alpha-adrenergic activity had a negligible effect on PTT, while HR decreased and blood pres​sure increased. However, a thesis that states that PTT is only dependent upon beta-adrenergic changes not only requires that PTT be independent
of alpha-sympathetic activity, but, more critically, also requires PTT to be independent of changes in vagal activity. Schwartz and Weiss (1983) do not refer to data relevant to these consequences of their thesis, but such disconfirmatory data are available from the source they cite. Specifically, Weiss et al. (1980) found that alpha-adrenergic blockade pro​duced increases in PTT equivalent to those under beta-blockade, and that vagal blockade produced significant PTT decreases. Thus, a more critical look at the available evidence appears to indicate that PTT is not independent of either alpha-adrenergic or vagal influences, and suggests that the caution issued by Newlin and Levenson (1979) should be reemphasized. In this regard, then, and contrary to Schwartz and Weiss (1983), TWA appears to "stand better" (Furedy & Heslegrave, 1978) than PTT.
Unreliability of TWA Data Derived from Patient Groups. The problem discussed in this section by Schwartz and Weiss (1983) is not so much the "un​reliability" of data from patient groups, as it is that the stimulus- or drug-elicited TWA changes of pa​tient populations may differ both qualitatively and quantitatively "in ways that could affect the ap​plicability of TWA findings to normal populations" (Furedy & Heslegrave, 1983, p. 210). This problem of generalizing from patients to normals was also listed as the first of the four "problems with regard to the status of TWA as an SNS index" (Furedy & Heslegrave, 1983, p. 208), so we are in basic agree​ment with Schwartz and Weiss (1983) as to the sig​nificance of the problem. However, such a problem would only be "so compelling as to discourage fur​ther serious consideration of TWA" (Schwartz & Weiss, 1983, p. 696) if there were conclusive proof that patient results could never be generalized to normals.
Moreover, not all of the data supporting TWA as an SNS index comes from studies using patient populations, as Schwartz and Weiss (1983) suggest. In fact, they characterize the Biberman et al. (1971) study cited by us as one particularly fraught with difficulty, since "patients with initially abnormal T-waves" were included (Schwartz & Weiss, 1983, p. 699). However, Biberman et al. (1971) also exam​ined TWA changes in leads I, II and V3-V6 under increased sympathetic activity, induced by hyper-ventilation and isoproterenol infusion, in a normal population without heart disease, and with no S-T segment or T-wave abnormalities. In their normal sample (N= 11), the respiratory sympathomimetic maneuver produced T-wave inversion in 8 subjects, while the sympathomimetic pharmacological inter​vention yielded TWA attenuation or inversion in 10 of 11 subjects.
Non-Neural Effects on TWA. In this section Schwartz and Weiss (1983) argue that non-neural

effects can influence TWA, and specifically suggest that positional changes may be responsible for the TWA changes during our dive-reflex studies. While positional changes can alter the T-wave, we find their application of a positional interpretation to the dive-reflex studies that we cited in Furedy and Heslegrave (1983) unlikely on at least two grounds. Firstly, the only movement made by subjects was an experimentally-controlled lowering of the head some 13-15 cm so as to immerse the face into water; it strains credulity to suppose that such a head movement would produce a sufficient (if any) shift in the heart's position so as to yield the observed TWA changes. The second reason for rejecting the positional-change interpretation of the TWA results from dive-reflex studies is based on the pattern of empirical outcomes. In the constant temperature study by Hurwitz and Furedy (1979), described in Furedy et al. (1983), the same amount of TWA at​tenuation was produced by a breath-hold-alone condition and by a breath-hold plus face-immer​sion (i.e., full dive-reflex) condition, whereas a face-immersion alone condition produced no TWA change. This pattern of TWA results refutes the po​sition-change interpretation because: a) differential degrees of TWA attenuation occurred in the face-immersion and full-dive conditions despite the same (minimal) amount of position change, and b) the breath-hold-alone condition also showed TWA at​tenuation despite no positional change.
Envoi
Although we are disappointed that Schwartz and Weiss (1983) chose not to address the points raised in Furedy and Heslegrave (1983), the problems that they do raise are of substantial interest. In the pres​ent point-by-point commentary, we have tried to show that these problems are not so "compelling" as to warrant abandoning TWA, if only because Schwartz and Weiss's (1983) treatment is selective​ly biased against TWA and in favor of such con​tractility-based indices as PTT, which themselves have serious problems. In addition, as suggested by the quote from Schwartz and Malliani (1975) which heads the present note, and which is extracted from a paper that Schwartz and Weiss (1983) cite, there appears to be an attitude that TWA can be used as an index of increases in sympathetic discharge, but only by Schwartz. Needless to say, we would oppose such an attitude as being too subjective and au​thoritarian for any empirical enquiry.
More generally, our strongest opposition is not against specific attacks on the utility of TWA based on logical and evidential grounds, because such at​tacks are open to empirical scrutiny and perform the scientifically valuable function of establishing the boundary conditions for the validity of any
measure. Rather, we would strongly oppose the idea that any particular candidate measure be no longer observed at all, on the basis of a literature that is, by its nature, never fully consistent. This idea is authoritarian rather than empirical. It is illustrated by the scholastic sages who not only disagreed with Galileo's assertion that Jupiter had moons, but also refused his invitation to look in the telescope on the grounds that the "literature" (i.e., Aristotle) was sufficient to "discourage further serious consider​ation" of Galileo's "misleading" lunar Jovian "con​cept." It is not their failure to agree that is impor​tant, since modern astronomers often disagree on the interpretation of what they have seen. It is the

scholastics' refusal to look that marks them as being opposed to an empirical attitude toward issues; we would assume that most psychophysiologists would support such an empirical attitude. So, while we do not expect the vast majority of our fellow psycho-physiologists to share our enthusiasm for TWA, we do hope that they will join us in observing and attempting to understand TWA and other noninvasive indices of sympathetic activity. In this way we can "let data not dogma be our guide" (Furedy & Heslegrave, 1982, p. 98) and "advance in an em​pirical way toward the goal of finding adequate in​dices of myocardial sympathetic activity" (Furedy & Heslegrave, 1983, p. 210).
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