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Light isometric exercise, such as filling or carrying loads
Mat require 25% of a maximal voluntary contraction, Is
frequently reported to cause dyspaea id patients with heart
falere. The pthophysblogic mechanisms responsible for
the appearance of this symptom, however, are unknown.
Accordingly, hemodydamic, metabol a and ventilatory re .
spmex to 6 min of light isometric forearm exercise were
examined and compared h 20 patients with ehraek heart
failure and abnormal ejection reaction (24 s 9%) and 17
normal individuals. In contrast to fndines in normal vol .
matters, exercise cardiac index did not increase whereas
exercising forearm aid mixed venous Iactateco.centratlons
increased (p < 0.05) above levels at rat in patients with
heart failure; at 90 s of recovery, blood lactate coneenta-

Normal daily activities for patients with chronic heart failure
include light isometric exercise, such as lifting and carrying
loads that require 25% of a maximal voluntary contraction.
Such tasks, however, an often reported to be associated
with breathlessness. The pthophysiologic response that
accounts for this effort intolerance is of clinical interest, In
previous studies (1,2) of forearm handgrip exercise in pa-
tients with left ventricular dysfunction, a normal elevation in
systemic arterial pressure and heart rate was observed, In
the patients, however, unlike normal subjects, cardiac out-
put and stroke-volume failed to increase even though left
ventricular filling pressure increased substantially . Because
these patients are unable to adequately increase systemic
blood flow during isometric exercise (1,2) or isotonic exer-
cise (3), we hypothesized that light isometric exercise would
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lion remained elevated (p < 0,05). The vase lactate
coescentradou of the aeaeArclabg arm, aa8ta Wt of the
exercising farmer, was not steered. Oxygen apeake, Car-
bon d :mdde production aid id wk vatiadse hKreued
similarly in patients and simal subjeda do* exercie,
but only in plots did each Increase further (p < O,OS)
during recovery .

Thus, In patients with beat fe ee, ilgla hematite
forearm exercise repneeib r anaerobic cosamedess wish
lactate prodaMka . The abaegaem Ycram in cabs
dioxide producioa leads to a Napprepectosae hnreoae is
Minute ventiatkn aid oxygen uptake doing recovery dot
may be perceived a bratkameu.

(JAWCogCon" 19gd;12,353-d)
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lead to lactate production . As a result, ventilatory drive and
minute ventilation would be increased by the enhanced
carbon dioxide production that accompanies lactic acid
buffering by bicarbonate . This concept is not dissimilar to
that of the reduced lactate threshold to isotonic exercise
previously observed in such patients (3). To test this hypoth-
esis, we undertook this study to characterize, and to com-
pare with findings in normal individuals, the metabolic,
ventilatory and hemodynamic responses to light isometric
forearm exercise in patients with chronic stable bean failure.

Methods
Study patients. The study group included 20 patients with

clinically stable chronic heart failure (New York Heart
Association classes 11 to IV) . There were 17 men and 3
women ranging in age from 26 to 76 years (mean 58 s 12) .
The cause of their heart failure was idiopathic dilated car,
diomyopthy in 12 patients and ischemic heart disease with
previous myocardial infarction in 8. None of the patients had
a myocardial infarction or unstable angina within the 3
months preceding enrollment in the study, The radionuclide
ejection fraction for the group was 24 t 9% .

Seventeen normal individual; (Il men), ranging in age
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from 23 to 48 years (mean 30 ± 10), were also studied as a
control group . There was no history or clinical evidence of
cardiac or noncardiac disease in these individuals. Informed
consent to participate in this study was obtained from all .
patients and normal subjects.

Gas exchange monitoring. With the nose clamped and the
subject breathing into a nonrebreathing valve chamber,
oxygen and carbon dioxide partial pressures of expired air
were monitored on a breath by breath basis in 11 of the 20
patients and 10 of the Il normal volunteers . An air flow
sensing device was used to monitor tidal volume and respi-
ratory rate . From these data, oxygen uptake, carbon dioxide
production and minute ventilation were calculated with
standard formulas (4) .

Hemodynamk: and metabolic monitoring . Hemodynamic
and metabolic monitoring was performed in 7 of the 11
patients and 5 of the 10 normal individuals who had agreed to
participate in other research protocols approved by the
investigational review board of our hospital . These protocols
required the placement of a triple lumen flotation catheter
into the pulmonary artery and a cannula into a radial artery
to assess the response of cardiac output, right and left
ventricular filling pressures, mixed venous lactate concen-
tration and arterial pressure . The present study was con-
ducted before the initiation of these protocols. Baseline
hemodynamic measurements were obtained ?2 h after cath-
eter insertion . Arterial and mixed venous blood were also
sampled for oxygen saturation . Cardiac output was deter-
mined by the Fick principle with use of systemic arteriove-
eous oxygen difference and directly measured oxygen up-
take (see later). Systemic oxygen extraction was calculated
as the ratio of the arteriovenous oxygen difference to arterial
oxygen content x 100 . Cardiac index and stroke index were
calculated by standard methods .

In an additional nine patients and seven normal volun-
teers, a cannula was positioned in the basilic vein of the
exercising forearm to sample venous blood for its oxygen
saturation and lactate concentration before, during and after
light isometric exercise. Four of the patients also had a
cannula placed in the basilic vein of the nonexercising
forearm for measurement of oxygen (0 2) saturation and
lactate concentration during exercise .

Isometric exercise protocol . All medications were with-
held for 18 h before the study . Before undertaking handgrip
exercise, the patient was instructed in the use of a hand
dynamometer and how to breathe normally without breath-
holding or the Valsalva maneuver . Thereafter, with a cali-
brated hand dynamometer (Fitness Products), maximal vol-
untary contraction (in pounds) was obtained with the patient
in the sitting position; this is the maximal load that can be
attained . The average levels of maximal voluntary contrac-
tion were 84 ± 4 and 76 ± 41b (31.3'- 1 .5 and 28 .3 ± 1 .5 kg
for the normal and hear failure groups, respectively) . After
I h of bed rest, light (25% maximal voluntary contraction)
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isometric exercise was performed for 6 min. This level of
exercise was maintained by visual feedback to the patient .
The hemodynamic, ventilatory and metabolic responses
were monitored during the 2 min before the contraction,
during the 6 min of contraction and for the first 2 min of
recovery.

Thefollowing data points during 6 min of exercise andfor
2 min after exercise were selected for analysis . Beginning
with the 6th min of exercise and the lot min of recovery,
when responses tended to be maximal, right atrial, pulmo-
nary artery, pulmonary capillary wedge and systemic arterial
pressures were recorded . Thereafter, blood samples for
metabolic measurements were taken. Breath by breath mea-
surements of oxygen uptake, carbon dioxide production and
ventilation were averaged during the last 30 s of exercise and
during the 30 s after the 1st min of recovery .

Statistical analysis . All data are presented as mean t
SEM. Percent changes were computed for each variable
from their level at rest to peak exercise and to 90 a of
recovery. Data were analyzed with two-way analysis of
variance for repeated measures . Specifically, one "group
factor" with two levels (that is normal and heart failure) and
one "within factor" with three levels (that is, ¢aseline,
exercise and recovery) were used. Ifthe analysis of variance
indicated a significant difference (significant F ratio) then
painvise comparisons were made to identify the exact nature
of these differences . We limited the analysis to the following
seven pairs : four within-group comparisons (normal baseline
versus normal exercise, normal baseline versus normal
recovery, heart failure baseline versus heart failure exercise
and heart failure baseline versus heart failure recovery) and
three between-group comparisons (normal baseline versus
heart failure baseline, normal exercise versus heart failure
exercise and normal recovery versus heart failure recovery) .
Statistical significance for the pairwise comparison was
assessed using Bonferroni bounds to account for multiple
simultaneous comparisons . The significance level was set at
p < 0.05 .

Results
Hemodynamic response. The peak hemodynamic re-

sponse to light isometric handgrip exercise and its recovery
is given in Table I . Heart rate, which was significantly higher
in patients at rest than in normal subjects, increased signif-
icantly by 12 and l0%, respectively, in both patients and
normal subjects at peak exercise and returned to its level at
rest within 90 s of recovery. Mean arterial pressure at rest
was not different between groups; it increased (p < 0 .05) in
similar proportions at peak exercise and remained elevated
above baseline during recovery .

Cardiac index at rest, not unexpectedly, was lower in
patients than in normal subjects . During exercise, cardiac
index increased by 58% in the control group, whereas it
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Table 1, Hemodynamic Response to Peak Light Isometric Exercise and 90 s of Recovery in Seven Patients With Heart Failure and Five
Normal Individuals
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failed to increase in patients with heart failure (Fig . 1).
During recovery, however, cardiac index rose in patients to
a level that was 44% above baseline, whereas it remained
20% higher than the value at rest in normal subjects. At peak
exercise, stroke index decreased by 9% below that at rest,
and after exercise it increased by 34% above baseline .

Pulmonary capillary wedge pressure in the patient group,
which at rest was significantly higher than that seen in
normal subjects, increased substantially at peak exercise and
remained elevated at 90 s of recovery . The response in right
atria] filling pressure of the patients was similar to that
observed in wedge pressure (see Table I) .

Metabolic and ventlktory responses. Systemic arteriove-
nous oxygen difference at rest was significantly greater in
patients than in normal subjects (Table 2). During peak
exercise, the arteriovenous oxygen difference increased fur-

Figure 1. Percent change in cardiac index and stroke volume index
of five normal individuals (N) and seven patients with been failure
(F) from baseline to peak exercise and 90 s recovery phases of light
isometric forearmexercise . Thu asteriskdenotes a significantchange
from baseline to peak exercise and the bracketed asterisk indicates a
statistically significant differerce between normal individuals and
patients.
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'p < 0.05 percent chop of exercise or recovery value from value al rest for the same group ; tp < 0.05 normal subjects versus patientswith heat IWure
forihe sane stage of exerciseprotocol . F=failure patients; N = normal subjects; PA=pulmonary artery; PCW =pulntomrycepaluy wedne ;RA=sight-trial.

ther in patients, whereas it changed little in normal individ-
uals . On completion of exercise, this variable returned
quickly to its value at rest in both groups . Oxygen extraction
in the exercising forearm in the patients with heart failure
was higher (63 ± 4%) than that (52 ± 3%) in normal subjects,
but the difference did not reach statistical significance .

The mixed venous lactate concentration did not differ in
patients and normal volunteers at rest ; however, it increased
significantly during exercise in patients (Fig. 2) and in-
creased further during recovery. Inthe exercising forearm of
patients, venous lactate concentration increased signifi-
cantly whereas that of the nonexercising forearm remained
invariant (Fig, 3, Table 2). Venous lactate in the exercising
forearm of nertnal subjects was also unchanged . This gm'tp
difference in exercising forearm venous lactate concern a-
tion persisted during recovery.

Systemic oxygen uptake was not different between the
two study groups at rest or during exercise . During recov-
ery, oxygen uptake rose above exercise levels in patients
although it returned to levels at rest in normal individuals
(Fig. 4) . Carbon dioxide production was equivalent in the
two groups at rest and during exercise . However, during
recovery, carbon dioxide production increased significantly
in patients whereas in the control group it returned to values
at rest (Fig. 4). Minute ventilation at rest was significantly
higher is the patients than in normal subjects . With exercise,
minute ventilation increased by an equivalent degree in both
groups. In contrast to normal subjects, patients manifested a
further increase in minute ventilation during recovery (Table
2, Fig. 4) .

Discussion

The purpose of the study was to monitor the hemody-
namic, metabolic and ventilatory responses tolight isometric
exercise in patients with chronic gable heart failure and to
determine whether this form of isometric exercise repre-
sented an anaerobic contraction with lactate production in

At Rest exercise Recovery

N P N F N F

Hear rate (beatdmin) 73 2 4 91 2 61 8024' 99x5't 7724 %x5t
Mean unsaid pressure (mm Hill 95 *_ 4 94 x 6 113''-6' 108x6' 10325' 10236'
Cardiac index (Iiters/min per m') 2.9 t 0 .3 1.9 t 0.3 4.431 .1't 1 .9*_0 .2 3 .130 .4 2 .730 .2
Stroke index (mtim') 39 *_ 7 23 t 4 50 to 2025? 4025 28x8
RA pressure (mm Hg) 3 2 1 4 2 1 3x1 9x2'1 331 62 It
Mesa PA pressure (mm Hg) 12 2 3 37 2 51 15x3 5137•t 13±3 43281
PCW pressure (nun Hit 7t2 22 t 4t 8x2 31278 612 28258
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Table 2. Metabolic and Ventilatory Responses to Peak Light Isometric Exercise and 90 s of Recovery in I I Patients With Heart Failure
(F) and 10 Normal Individuals (N)

'p < 0 .05 percent change of exercise or recovery value from value at rest for the group; tp < 0.05 normal subjects versus patients with heart failure for the
same sage of exercise protocol. a-yO2 = difference in arterial and mixed vetmus oxygen content (7F and SN); CO, = carhan dioxide (I IF and ION) ; EPA -
exercising tbmmm (9Fand 7N); MV = mixed venous (7F and 3N) ; O, uptake =oxygen uptake (I IF and ION); RFA - nanexercising forearm (4F) ; Va = minute
ventilation ((IF and ION); -= dam not obtained; other abbreviations as in Table 1 .

these patients . If this were the case, lactate buffering and
carbon dioxide production would lead to an enhanced chem-
ical drive to ventilation that might be responsible for a
disproportionate level of ventilation and work of breathing
and the appearance of breathlessness . Before we discuss our
findings, two potential shortcomings should be identified .
The first is the older age (58 ± 12 years) of our patients
compared with that (30 ± 10 years) of the normal volunteers .
It is not known whether the cardiovascular response to
isometric exercise is significantly influenced by aging and, if
so, to what degree. Our findings do suggest that light
isometric exercise represented an equivalent work load and
stress in each group basedon the significant increase in heart
rate and arterial pressure . Another potential shortcoming is
that the cause of heart failure was not uniform in the patient
group. However, when the patients were classified by etiol-
ogy of heart failure (cardiomyopathy or ischemic heart
disease), no significant differences in the hemedytiamic and
metabolic responses to light isometric exercise were noted .

Figure 2 . Percent change in mixed venous lactate of five normal
individuals (N) and the seven patients with heart failure (F) from
baseline to peak exercise and baseline to recovery phases of light
isometric exercise . The bracketed asterisk represents a significant
difference between the percent change of mixed venous lactate for
both groups from baseline to peak and baseline to recovery phases
of the isometric exercise . The antedek indicates a significant percent
increase in mixed venous lactate concentration of patients with
bean failure from baseline to peak exercise and recovery .
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Hemodynamic changes. In contrast to findings in normal
subjects and despite a marked increase in left ventricular
filling pressure, cardiac index did not increase during exer-
cise in patients with chronic cardiac failure and significant
left ventricular systolic dysfunction . A decline in stroke
volume was responsible for the invariant cardiac index
response to isometric exercise in these patients . Similar
findings have been reported by others (1,2,5) and confirm the
fact that the failing heart is sensitive to arterial pressure (6)
despite an expected increase in myocardial contractility with
isometric exercise (7). These findings further underscore the
marked limitations in cardiac reserve that exist in the failing
heart (3) . During recovery, cardiac index returned to values
at rest in our normal subjects, whereas it increased in our
patient group. Such an increment in cardiac index will
normally occur after heavy isometric exercise requiring
>30% of maximal voluntary contraction, and for this reason
heavy isometric exercise may not be as useful as light
isometric exercise in differentiating a patient with abnormal
left ventricular systolic function and chronic heart failure
from a patient with less impaired systolic function or from a
normal subject.

Figure 3 . Antecubiml venous lactate levels measured in the exercis-
ing and nonexercising forearm of four patients with chronic heart
failure. The asterisk indicates statistically significant levels of lactate
above baseline at peak exercise and recovery .
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At Rest

	

Exercise Recovery

N F N F N P

a-vD2 didererree (vat %) 5.0 t 0.4 8.2 0 0.83 4.400.4 9.801 .1t 4 .7±0.2 85±0.90
Or uptake (mllmin per kg) 254 *_ 16 278 *_ 18 293 0 25 353 . 38 266 0 29 409 ±28'1
MV tactile (mg %) 6 t 0.9 710.9 6 .0.8 8.400.7'1 6*_0.7 9±03-0
EFA lactate (mg %) 8 t 4 8±1 !) .4 23 .2') 13 t 4 20 0 1't
RFA lactate (mg %) - 11 t 2.9 - 10±2.5 - 10±2.6
CO2 production (mVmini 221 t 15 239 . 19 292 ± 60 343 t 39 236 ± 26 385 33-t
Vn (Umin) 9 t 0.4 15 ± 0,91 l2 . 2.3 21 . 3.5t 10 t 35 22 . 2t
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Mechanisms of metabolic and ventilatory changes . Light
isometric exercise normally tends to throttle blood flow to
contracting muscles . Compensatory neurologic and cardio-
vascular reflexes, which include withdrawal of vagal tone
and enhanced adrenergic nervous system activity (I), serve
to raise arterial pressure by increasing cardiac output and by
causing vasoconstriction of nonexercising vascular beds
and, thereby, increasing the perfusion of isometrically exer-
cising muscles . A comparable increase in arterial pressure
was found in our normal individuals and patients with heart
failure. Although cardiac output was not increased in these
patients, their arterial pressure was increased, these findings
suggest that cardiovascular reflex adjustments were intact
and may even have been exaggerated . Nevertheless, the
perfusion of exercising muscles was inadequate in these
patients, a finding that may be related to their impaired
vasodilator reserve (9) and their chronic elevations in sys-
temic vascular resistance (3) . Given the inadequate perfu-
sion of exercising muscle, increments in oxygen extraction
are needed to sustain their oxygen availability. Exercising
forearm oxygen extraction, which includes the venous drain-
age of nonexercising muscle and the skin, increased to >60%
in these patients. Nevertheless, venous lactate concentra-
tion of the exercising limb increased significantly, suggesting
that oxygen availability was not adequate in exercising
muscle. Conversely, venous lactate concentration of the
nonexercising forearm in patients was invariant as was that
in the exercising forearm in normal volunteers.

Although we did not measure blood flow in the exercising
forearm, it is logical to conclude, from the available reported
data (9) and our hemodynamic data (that is, reduced cardiac
output during exercise), that blood flow to the exercising
forearm is reduced during exercise in patients with heart
failure. Therefore, less washout and a greater accumulation
of the lactate that is generated in the exercising forearm is
expected. Nevertheless, in our patients, antecubital venous
lactate concentration was markedly elevated during exercise
and it continued to be significantly elevated during recovery
despite the increase in cardiac output during recovery .
These findings suggest an absolute increase in lactate pro-
duction in the exercising forearm of the patients with heart
failure . In normal individuals, forearm blood flow in re-
sponse to light isometric exercise is known to increase (10) .
A significant increase in cardiac index in our normal subjects
is in keeping with this fact. If lactate production had in-
creased during exercise in the control group, the increase
should have been readily detected in the- venous blood
draining the area. The fact that no increase was observed in
our normal group indicates that the delivery of oxygen was
adequate to the demand for oxygen. Thus, in patients with
heart failure and left ventricular systolic dysfunction, light
isometric forearm exercise is both an iscbemic and an
anaerobic contraction that arises from inadequate perfusion
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Flgm'r 4. Percent changes in oxygen uptake, carbon dioxide produc-
tion and minute ventilation at peak exercise and recovery, respec-
tively . The blanketed asterisk denotes a significant difference in
percent change of a variable between 10 animal (N) individuals and
I t patients with heart failure (F) during penkexereise and recovery .
The asterisk indicates a statistically significant uboege above base-
line in a variable during peak exercise and recovery within a group.

and results in lactate production by exercising forearm
muscles.

Mechanisms of enhanced vend taboo. The influence of
exercising forearm lactate production on ventilation became
apparent during the recovery period . Lactic acid is rapidly
buffered by bicarbonate (11), resulting in the production of a
nonmetabolic source of carbon dioxide that, in turn, stimu-
lates the carotid and aortic chemoreceptors to increase
ventilation. The increased carbon dioxide production was
evident in our patients during recovery . Concomitantly, the
increase in ventilation and increased work of breathing
served to increase oxygen uptake during recovery . The
increase in ventilation that was observed during exercise in
our patients and normal individuals, on the other hand, may
have been mediated by metabolic receptors, such as group
IV fibers, located in connective tissue and muscle (12-15) .
The distinctly different ventilatory responses to recovery
from light isometric exercise in patients with heart failure
and normal individuals may explain why patients perceive
themselves to be breathless during or after daily activities
that include lifting and carrying loads that require <30% of a
maximal voluntary contraction . Further insight into the
origin of this limiting symptom, using noninvasive respira-
tory gas exchange during light isometric forearm exercise in
the clinical exercise laboratory, may provide useful informal-
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lion with which to judge the severity of failure and the
response to therapeutic intervention.

We steady appreciate the technical assistance of James Morgan. We are
similarly gmlefol to David M. Ward and Saajeev Shroi for the stalistient
analysis of the data and to The]- 1. lohoeon for the preparation of the
illustrative material .
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