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An Experimental Psychophysiological Approach to Human Bradycardic Reflexes
John J. Furedy, Ph.D.
Department of Psychology, University of Toronto
Abstract—-Bradycardic reflexes in man are both of scientific and clinical interest. Using the methods of experimental psychophysiology, control over relevant independent vari​ables permits the study of fine-grained temporal physiologic response topographies, and of psychological factors that may modify the reflex. In addition, information can also be sought through interdisciplinary collaborations with experimental physiologists in order to shed light on the mechanism of the reflexes. These general features of the approach are illustrated by presenting data on two bradycardic reflex preparations: the laboratory dive analog, and the 90-degree negative tilt. The dive-analog studies have shown that a) the dive-reflex proper is a late-occurring bradycardia accompanied by a late-occurring vasoconstriction; and b) for the elicitation of this reflex, both breath-holding and face immer​sion are necessary. In addition, the physiologic manipulation of temperature affects the reflex in an inverse way over the range of 10" to 40* C, while the sense of control (a psychological variable) attenuates the reflex. The negative-tilt preparation produces a bradycardic response that is ideal as a Pavlovian unconditional response. Some Pavlovian conditioning arrangements, especially an "imaginational" form, do produce significant conditional bradycardic responding, and this has both potential clinical (e.g., biofeedback-related) and theoretical (e.g., S-R vs. S-S accounts of Pavlovian conditioning) applications. The paper ends with a comment on the cognitive paradigm shift in psychol​ogy. Although this shift is of importance, it is suggested that it is also important to "remember the response.

Bradycardic reflexes in man are not only of scientific, but also of clinical interest, because heart-rate (HR) deceleration is a potentially bene​ficial response in modern society. While HR ac-acceleratory evolutionary mechanisms like the fight-or-flight response may have been appropriate
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in the jungle, the events with which modem man has to deal are probably ones for which it is more appropriate to modulate such acceleration through the counter-influence of a deceleratory reflex.
When the approach of experimental psychophysiology (EP) is employed, there are at least three unique features that characterize the method. The first feature is an emphasis on con​trol over the relevant independent variables. This control is not only experimental, but also statisti​cal. Ideally, of course, one would like to have such experimental control that a single reading on a single trial would show the effect, but in many cases statistical summary and inferential techniques are necessary to obtain orderly results.
The second feature of the EP approach is that the temporal measurement of the physiologic var​iables may be a fine-grained one. For example, HR may be measured beat by beat or second by
second instead of once every minute. Such tem​porally fine-grained measurement permits de​termination of the topographical characteristics of the reflex in question. The third feature is a concern for the psychological processes that may modify the reflex being studied. In this regard there is a subtle but important difference between a psychological manipulation that merely pro​duces a reaction that is opposite in direction to that of the reflex (i.e., an extrinsic manipulation), and a manipulation that directly affects the stimulus that elicits the reflex (i.e., an intrinsic manipulation). An example of each of these ma​nipulations will be discussed more fully below in connection with the dive reflex.
However, although the EP approach has these and other unique features, it does not operate in isolation from other relevant areas of enquiry. In particular, it is desirable to glean information from an area like animal experimental physiol​ogy. The main aim of this article is to indicate some of what has been learned through the use of

the EP approach about two bradycardic reflex preparations: the laboratory dive analog and the 90-degree negative tilt.
Laboratory Dive Analog
The human dive reflex is a vestigial form of the dramatic bradycardic response that occurs fol​lowing diving in such diving animals as seals, in which changes from 100 to four beats per minute (bpm) may be observed (Andersen 1966). In the human, the bradycardia is only about five to ten bpm. The EP approach to the human dive reflex (DR) employed a laboratory dive analog detailed elsewhere (Arabian et al. 1983). Briefly, only the subject's face is immersed, time and extent of immersion is under experimental control, and fine-grained measurements not only of HR but also of other physiologic measures are underta​ken to allow topographical information to be gathered
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Initial Experiment: Experimental and

Topographical Analysis
The results of this first experiment (reported in abstract form by Hurwitz and Furedy 1979) are summarized in Figure 1. The three conditions were varied within 24 subjects who each received a total of 24-to 40-second trials. Figure 1 presents data averaged over trials and subjects. All differ​ences to be referred to are significant at below the 0.05 level, even in the case of the peripheral vasoconstriction measure (bottom panel) that was available only for six subjects.
The top panel indicates that the DR proper is a late-occurring HRD. This conclusion is based on two aspects of the results. Firstly, both the initial HR acceleration and the initial HRD were statis​tically undifferentiated amongst the face immer​sion (FI) only (breathing through a snorkel), breath hold (BH) only (no FI), and full-dive (FIBH) conditions. Secondly, only the full-dive, FIBH condition produced a late-occurring HRD, which was maintained throughout the trial. In addition, as indicated by the bottom panel, this late-occurring HRD is accompanied by a late-occurring peripheral vasoconstriction, which again is unique to the FIBH condition, in contrast to the early-occurring vasoconstriction which occurred equally in all three conditions. Accord​ingly, we may say that both breath-holding and face immersion are necessary for the elicitation of the human DR. However, it is inaccurate to talk of the dive stimulus as simply eliciting bradycardia-dia. As inspection of seconds 0 to 12 indicates, there first occurs some tachycardia followed by bradycardia that is not unique to the dive stimulus, but is elicited either by face immersion or breath-holding alone. The inaccuracy of the sim​ple bradycardiac characterization of the DR is cor​rected through the experimental and statistical control of the EP approach, combined with fine grained temporal measurement which reveals the topography of the relevant physiologic changes.
Oxygen-Conserving Account and Water-Temperature Manipulation
Especially because the late-occurring peripheral vasoconstriction is a component of the DR, it is tempting to interpret the mechanism of the reflex as simply an oxygen-conserving one. The EP approach was used by Furedy et al. (1983) to test the oxygen-conservation account by systematically varying the water temperature over a range of three levels (10° 20° and 40° C) where influence from the firing of pain receptors would be minimal. The results, detailed in Furedy

et al. (1983), indicated that only the late-occurring HRD and peripheral vasoconstriction varied as an inverse function of temperature. That is, with only these components, the colder the water, the larger was the observed change. Moreover, in the 40-degree condition, neither the HR nor the vasomotor component showed any systematic change after some 12 seconds into the dive (Furedy et al. 1983, Figures 1 and 2), with this condition producing essentially the same re​sults as the BH and FI conditions (i.e., no real dive stimulus) shown in the top and bottom panels of Figure 1 (run at a water temperature of 22° C). A simple oxygen-conserving model, therefore, does not appear to account for the human DR, so that the rather common practice of calling the DR an "oxygen-conserving reflex" is inaccurate.
Presence of Sympathetic Activation and Cardiological Implications
Because the dominant feature of the DR is bradycardia, another plausible notion is that the reflex is associated with sympathetic withdrawal. However, for reasons detailed most recently elsewhere (Furedy, Heslegrave, and Scher 1984), supraventricular HR is an inadequate index of myocardial sympathetic influence, because it is significantly affected by the parasympathetic branch of the ANS. In contrast, electrocardiographic T-wave amplitude (TWA) is ventricular in origin, and therefore promises to be a better measure of sympathetic influence than HR, al​though there is still controversy concerning just how useful TWA is (see, e.g., Furedy et al. 1984, Heslegrave and Furedy 1983, Schwartz and Weiss 1983). The TWA results in our original dive study (Hurwitz and Furedy 1979) are shown in the middle panel of Figure 1. The attenuation that occurred under the two conditions that involved breath holding (BH) indicates sympathetic acti​vation. So, at least when subjects are instructed to inhale just before holding their breath for 40 seconds, as is the case in this laboratory dive analog preparation (see, e.g., Arabians et al. 1983 for details of procedure), the bradycardic DR is apparently accompanied by sympathetic excita​tion rather than withdrawal. Further evidence that the TWA attenuation is not part of the DR proper is available from the finding that, unlike the late-occurring HRD (Furedy et al. 1983, Figure 1) and vasoconstriction (Furedy et al. 1983, Figure 2), the TWA attenuation was unaf​fected by water temperature (Furedy et al. 1983, Figure 3).
This association of the human DR with sym​pathetic activation appears to have implications
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for current cardiologic practices as well as rec​ommendations. As detailed elsewhere (Arabian et al. 1983), cardiologists have reported using the DR to counter Paroxysmal Atrial Tachycardia

(PAT) episodes in patients (e.g., Wildenthal et al. 1975), and, to minimize any accompanying sym​pathetic excitation, it has been recommended that higher water temperatures be used (e.g.,
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Gooden, Holdstock, and Hampton 1978). To the degree that TWA is accepted as an index of myocardial sympathetic influence, the present results appear contrary to both the practice and the recommendation. That is, the DR seems to be accompanied by sympathetic activation, and this activation is unaffected by raising the water temperature, which merely results in attenuating the (desirable) bradycardia.
Effects of Sense of Control
A more psychologically oriented issue is that of whether the DR is modifiable by psychological processes. In this connection, manipulations that are extrinsic to the dive stimulus are of less inter​est than those intrinsic to it. An example of an extrinsic manipulation is that of requiring sub​jects to perform an arithmetic task during the dive stimulus. Because such a task produces tachycardia (e.g., Heslegrave and Furedy 1979), it is not surprising, but also not very informative, that the opposing bradycardic DR is attenuated by the superimposition of the arithmetic task.
Consider, on the other hand, the psychological variable of sense of control. This is powerfully manipulated in animal studies that contrast forced with free diving. However, the animal control manipulation is as crude as it is powerful, because of the gross and largely immeasurable emotional reactions elicited by forcing an animal under water. In humans, on the other hand, it is possible to vary control over a more restricted range where, however, gross emotional reactions are not present. Specifically, in the laboratory dive analogue there is no control either over the immersion itself (this being done by the ap​paratus, as detailed in Arabian et al. 1983), or over the time of immersion onset (this occurring on the termination of an experimenter-delivered 2-second tone). Control over these two aspects of the dive stimulus may be given to the subject by, respectively, having the subject lower his own face into the water at tone termination (immer​sion control), and allowing the subject to turn the tone on and hence to determine the time of the dive stimulus's onset (time control).
This control manipulation is also intrinsic to the dive stimulus itself, in contrast to a superim​posed psychological manipulation like presenting an arithmetic task during the dive. In addition, the control manipulation is of interest because it has been shown to be relevant in affecting autonomic reflexes elicited by noxious stimuli like electric shock (e.g., Averill 1973). Accordingly, to see if this sort of central-to-autonomic influ​ence was present with a relatively neutral event like the dive stimulus, the time- and immersion-

control aspects of the dive stimulus were varied orthogonally within subjects in a laboratory dive experiment.
The procedure followed that in previous exper​iments detailed elsewhere (e.g. Arabian et al. 1983), except for the time- and immersion-control manipulations. In the condition where both time and immersion were under the subject's control, the 2-second tone (during which the subject in​spired, and at the offset of which the face immer​sion began) was turned on by the subject (time control), and the face immersion was performed voluntarily by the subject at tone offset (immer​sion control). The two other conditions were ones where either time or immersion was controlled by the subject. The fourth condition duplicated pre​vious arrangements (e.g., Arabian et al. 1983) in having both the tone and the immersion con​trolled by the experimenter.
The results relevant to the control issue are summarized in Figure 2. The experiment also included a between-subjects manipulation of temperature over the previously tested values of 10°, 20°, and 40° C, with the addition of 46 degrees (Furedy, Kay, and Scher 1983). As before, the DR was sensitive to temperature, but because there were no interactions between the physiologic temperature manipulation and the psychological control manipulations, the latter, depicted in Figure 2, can be considered indepen​dently of the former.
As suggested by Figure 2, only the immersion-control but not the time-control manipulation was effective, with no interaction between these two psychological control factors. Specifically, pro​viding immersion control to subjects attenuates the DR in a way that is analogous to the above-mentioned effects of control on autonomic re​flexes elicited by noxious stimuli (Averill 1973). On the other hand, sheer knowledge about when the dive is about to occur, which was here pro​vided by the time-control manipulation, did not affect the reflex. With noxious stimuli, such knowledge, or "informational control" (Furedy and Doob 1972), has been considered by many (e.g., D'Amato 1974) to have strong effects on the perceived impact of the noxious event, but at least the human evidence appears, in general, to be contrary to this informational-control notion (e.g., Furedy 1975), and more in line with the present time-control results depicted in Figure 3.
The other noteworthy feature of Figure 3 (con​firmed by statistical analysis) is that, unique to the no-control condition, there emerged a phasic tachycardic response at trial onset. If this re​sponse were due simply to the unexpectedness of the tone, it should have merged under both no-time-control conditions. In addition, if unexpect-
edness in the sense of surprise were involved, the response should have attenuated (habituation) over trials, which it did not. Nor is the response simply due to the immersion-control factor (which attenuated the later occurring bradycardia), because the response did not occur in both the no-immersion-control conditions. Without further research, any attempts to explain this tachycardic response would be too specula​tive. However, it is worth noting that without a second-by-second, fine-grained topographical measurement of HR (the second feature of the EP method noted at the outset), this early tachycar​dic response would not have been detected.
The Negative Tilt
It is common knowledge that head-up to head-down negative tilting produces bradycardia. However, in medical and physiologic contexts, this tilting has been done relatively slowly, and the comparison between initial and final positions has been made only in terms of level of HR, rather than in terms of a finer-grained, second-by-second or beat-by-beat analysis. The form of the negative-tilt preparation intended to produce Pavlovian response conditioning employed a fast, 1.7-second tilt from a 45-degree head-up to a 45-degree head-down position (Furedy and Poulos 1976, Exp. I). The ensuing response, measured second by second, is a phasic bradycardic one of some 35 bpm magnitude, onset latency of about 2 seconds, fast recruitment (reaching full development within about 2 sec​onds), and nonhabituating (for further details in this journal, see Arabian et al. 1983).
Pavlovian Conditioning of the Negative-Tilt Reflex
The above-mentioned response characteristics are ideal for Pavlovian conditoning, and are ones that are not possessed by any other human prep​aration (e.g., shocks and loud noises produce considerable habituation over trials, and even ini​tial response magnitude is far smaller). In addi​tion, the bradycardic direction of the HR re​sponse renders the preparation of more potential clinical relevance than those which produce tachycardia.
However, the realization of these potentialities is an empirical question, the answer to which comes down to determining how much of the tilt-induced bradycardic unconditional response (UR) can be transferred to a conditional stimulus (CS) paired with the tilt unconditional stimulus (US). This transfer did not occur at all with

CS-US intervals of as long as 5 seconds, and even with a l-second CS-US interval, as long as the CS was a simple tone, the bradycardic conditional response (CR), though reliable, was only about 5 bpm (Furedy and Poulos 1976, Exp. II). How​ever, an "imaginational" form of the prepara​tion, wherein the subject, on hearing the CS, imagines the US, has produced CRs of about 10 bpm (Furedy and Klajner 1978). Moreover, at least some aspects of imagery vividness have been shown to affect the magnitude of this bradycardic CR (Arabian 1982), while the recov​ery rate of the CR appears to be affected by individual differences in imagery ability (Arabian and Furedy 1983).
Relevance to Biofeedback Methods
Perhaps the most immediate clinical implica​tion of this Pavlovian bradycardic conditioning preparation is for another psychologically based treatment for teaching bradycardia: operant con​ditioning or biofeedback. The force of this impli​cation is strengthened by the fact that although biofeedback has been claimed to be useful for teaching a number of autonomic "calming" re​sponses, bradycardia is not one of these. Even adherents of biofeedback do not dispute that, in general, no more than one or two bpm changes have been achieved (see, e.g., Blanchard and Young 1973). The suggestion based on the negative-tilt findings is that biofeedback may be more effectively applied after the desired (bradycardic) response has been initiated through Pavlovian conditioning. This combination of the Pavlovian-biofeedback methods, with its atten​tion on the response (Furedy 1979) appears to be promising (Miller 1978, Miller 1982), although, as noted by Arabian et al. (1983), the necessary evaluation of conditions of clinical trials have not, as yet, been provided.
A Theoretical Learning-Theory Application
The Pavlovian tilt preparation could also be useful for shedding light on a fundamental theoretical problem in conditioning: whether the process is one of S-R stimulus substitution or of S-S, sign-significate, contingency learning. The former, earlier view is one that has been replaced by such S-S views as the contingency one of Rescorla (1972), and it is of interest that much of the impetus for dismissing the stimulus-substitution view came from studies of HR condi​tioning that showed that tachicardia inducing USs produced CRs with bradycardic elements in them (e.g., Wood and Obrist 1964). Such discre-
pancy between the forms of the CR and UR ap​pears to provide powerful evidence against any S-R, stimulus-substitution view.
However, as noted above, these human prep​arations employed USs that produced relatively small and significantly habituating URs. In the case of the 90-degree negative tilt, with its more ideal UR, the directional identity of the CR and UR (both bradycardic) was maintained, consist​ent with the S-R view. On the other hand, an S-S position could also account for the results with relative ease, holding that the CR/UR directional identity was simply a coincidence, and that the direction of the CR in this preparation was, by nature, bradycardic.
As detailed elsewhere (Furedy and Riley 1982, p. 78-80), the tilt preparation offers a unique potential for sharpening the differences between the two positions in an experimental manner by contrasting preparations that differ only in the direction of the tilt. The S-R position appears to be committed to predicting that reversing the di​rection of the tilt US should reverse the direction of the CR, whereas the S-S position would have no clear reason to expect such a reversal. The most appropriate arrangement would seem to be one where the subject begins from a horizontal position for both tilts, and then is tilted 45 degrees up or down. Although not necessary for the test of the two positions, it would appear desirable that the bradycardic and tachycardic URs be similar in magnitude and topography. An unpub​lished study by Persram* indicates that this simi​larity does hold, with deceleratory and acceleratory URs of about eight bpm and mirror-image topographies. This similarity bodes well for any ensuing conditioning studies, although it must be noted that the magnitude of the URs with these "half" tilts is far less than expected on the basis the amount of reduction in tilt size. Because of this dramatic decrease in UR magnitude, it may be that a number of experiments will have to be done before the parameters are established for producing reliable conditioning, a condition that is necessary for answering the critical question: will CR direction reverse with UR direction?
Naturally, as with the many previous empirical comparisons of the S-S and S-R positions, it is unlikely that any single experiment will provide a definitive result, if only because the formulations of the two positions are sufficiently flexible to allow explaining away unfavorable results. For example, if CR direction did reverse, an S-S posi​tion could claim that this was due to a change in
* Persram, S. Unpublished B.A. Thesis, University of Toronto, 1982.

the US and not the UR. To check on this possibil​ity, subjective ratings of the down- and up-tilt USs will be obtained on such dimensions as discom​fort, significance, and so on. However, it is clear that this sort of evidence can never completely eliminate the possibility that some change in the US was responsible for the reversal in CR direc​tion. But that serves only to remind us that com​parative testing of competing psychological (or, for that matter, of any scientific) theories never produces answers that are not open to further challenge.
Physiology of the Negative-Tilt Reflex
The tilt-induced human bradycardia is most probably a result of baroreceptor function, but for more precise information on this issue one must turn to experiments in animal physiology, where it is possible to make more invasive ma​nipulations of independent variables and meas​urements of dependent variables. Such an ex​periment was run recently in the University of Kentucky laboratory of Dr. D. Randall with anaesthesized dogs as subjects. The central pur​pose of this experiment was to assess indices of myocardial sympathetic drive by means of sympathomimetic and blockading pharmacologic manipulations, and vagal denervation (Furedy 1985). However, we also took the opportunity to investigate the physiology of the tilt-induced bradycardic reflex. This was done by providing 90-degree, negative-tilt trials to the anaesthesized (and hence tied-onto-the-table) dog subjects, while monitoring their HR, ventricular blood pressure, and ventricular dP/dT (an index of myocardial contractility and of sympathetic drive).
The results depicted in Figure 3 represent only a single prebilateral and a single postbilateral-vagotomy trial from one of the five dogs tested, and must therefore be regarded as strictly preliminary and only suggestive. Also, the stimulus control over the tilt was manual rather than electro-mechanical, and because of the dif​ficulties of keeping various transducers in the animal, the tilt durations varied from trial to trial, but always exceeded 25 seconds. Accordingly, the time scale in seconds represents a 3-second baseline, a 15-second period following the (approx. 1.7-second) tilt onset, a 3-second period at the end of the down-tilt condition, and an 8-second recovery period initiated immediately after the return to the head-up position.
As Figure 3 indicates, the tilt produced marked bradycardia of about 100% (HR is expressed in reciprocal IBI units, so that an increase in IB I
represents bradycardia), which was eliminated by vagotomy, as shown in the bottom panel. This result confirms the vagal, parasympathetic character of the reflex. Further support for the vagal interpretation comes from the fact that the increase in sympathetic drive as measured by the contractile, dP/dT index was not eliminated by the vagotomy.
However, at the level of simply determining whether or not a given index is eliminated by the vagotomy manipulation, it is not possible to be more specific about the nature of the vagal mech​anism of the bradycardic reflex. After all, as re​gards lack of elimination by vagotomy, the dP/dT and blood pressure indices appear to have the same status. It is only by examining finer, second-by-second, topographical features that it is possible to differentiate the two indices as re​gards their possible effects on the bradycardic reflex. As shown in the top panel of Figure 3, the blood-pressure increase was more sharply peaked than the dP/dT increase, and, more im​portantly, the peak of the former measure clearly and immediately preceded the bradycardic peak. This time-locking of IBI to blood pressure but not to dP/dT suggests that the tilt-induced bradycar​dic reflex is mediated through the pressure-sensitive baroreceptors. The value Of combining animal models with second-by-second measure​ment is that with the most typically employed noninvasive cuff method of measuring blood pressure in humans, such second-by-second measurements are not feasible.
On the other hand, the alert reader will note that these animal-physiology-based results have implications that, at least at first sight, appear to be uncomfortable for enthusiasts about the po​tential clinical benefits of employing the tilt-induced bradycardic reflex (see, e.g., discussion above, Arabian et al. 1983, and Furedy 1979). Just as the presence of sympathetic activation during dive-induced bradycardia was considered to have undesirable cardiologic effects as dis​cussed above, so an increase in blood pressure that is suggested by the present animal data should give pause to uncritical advocates of using this reflex in clinical contexts.
Conclusion and a Speculative Psychological Comment
The data referred to and presented in this paper appear relevant to psychology, physiology, and medicine. The main thesis is that the methodol​ogy of experimental psychophysiology (EP) can be fruitfully applied to the study of human bradycardic reflexes. That study will include in-

terdisciplinary collaboration with such fields as (animal) experimental physiology. The yields ob​tained are, as in all empirical investigations, sel​dom definitive, and often raise more questions than have been answered.
The comment referred to in this section's title arises from the puzzling fact that experimental psychophysiologists have paid scant attention to human bradycardic reflexes. This is puzzling, be​cause the production of significant bradycardia is of potential clinical relevance. One source of evi​dence for this is that in the early, salad days of biofeedback, it was the promise of producing such bradycardia that was the movement's most important one, and one that, by the early seven​ties, was recognized to have been largely "'unful​filled" (Blanchard and Young 1973). Moreover, aside from any potential clinical relevance, the human bradycardic data is relatively orderly and sensitive to experimental psychological and physiologic manipulations (e.g., Arabian and Furedy 1983, Arabian et al. 1983, Furedy and Klajner 1978, Furedy and Poulos 1976).
My speculation for the reason for this neglect of bradycardic reflexes or responses is the so-called "paradigm shift" (Segal and Lachman 1972) from S-R to cognitive psychology of the "imperialist" (Furedy 1973) sort, according to which only cognitive factors are important for determining behavior. When the S-R view was dominant, many experimental psychologists like Hull and his students showed an analogous im​perialist neglect of cognitive factors. It should be recognized that although the present paper stresses the importance of the bradycardic re​sponse, that stress is not meant to imply that cognitive factors like sense of control are not potentially important in modifying the dive reflex, and hence worthy of empirical investigation. Similarly, in the study of human autonomic Pavlovian (e.g., Furedy 1973, Furedy and Arabian 1982, Furedy, Riley, and Fredrikson 1983) and biofeedback (e.g.. Furedy and Riley 1982) con​ditioning, the approach advocated has been one that studies cognitive factors, but does not assume them to be all encompassing. In this view, then, if one is interested in understanding, controlling, and predicting behavior, one needs to consider noncognitive, S-R factors as well as cognitive, S-S factors, it being necessary to "remember the response" (Furedy 1979).
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