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The occurrence of congestive heart failure dur-
ing the course of hyperthyroidism has frequently
been observed, as has its amelioration after re-
establishment of the euthyroid state. The ma-
jority of patients in whom congestive failure has
appeared have been believed to have myocardial
disease of other etiology (1, 2), but the probability
that the circulatory load imposed by hyperthy-
roidism can cause even the otherwise healthy heart
to fail has also been suggested (3-5). During
investigation of the hemodynamic consequences of
the endogenous circulatory loads imposed by vari-
ous disorders, we have obtained clinical and physi-
ologic data in 20 patients with hyperthyroidism,
seven of whom were or had been in congestive
heart failure. At the time of study we were un-
able to determine whether the congestive failure
was principally attributable to myocardial damage
antedating thyrotoxicosis, to a possibly direct toxic
action of thyroxin on the myocardium, or might be
due to the circulatory load imposed by this dis-
ease overcoming the reserve of an otherwise
healthy myocardium. Evaluation of these patients
after they had become euthyroid disclosed that
only five had residual heart disease. The meas-
urements made in these patients with congestive
failure differed significantly from those obtained
in hyperthyroid patients not in failure; further-
more, the patients in whom congestive failure had
occurred could be subdivided into two significantly
different groups on the basis of the hemodynamic
data. It is our purpose in the present paper to

* This work was supported in part by a grant from the
United States Public Health Service (U.S.P.H.S. H404)
and in part by a grant from the Otho S. A. Sprague Mem-
orial Institute.

t This work was done during the tenure of a James B.
Herrick Fellowship in Cardiology.

t Present address: New England Center Hospital, Bos-
ton, Mass.

contrast the physiologic aberrations in hyperthy-
roidism uncomplicated by congestive failure with
the abnormalities found in patients in whom hy-
perthyroidism and congestive heart failure coexist
with or without antecedent heart disease.

CLINICAL MATERIAL

Hemodynamic data obtained in 21 studies performed in
20 patients with hyperthyroidism form the basis of this
report. Each patient had had symptoms and signs of
thyrotoxicosis for more than three months. The patients
were divided into two major groups shown in Table I on
the basis of the presence or absence of congestive heart
failure on clinical examination during the course of their
illness prior to physiologic study.

Group I consists of 14 patients who had not manifested
congestive failure. Eight of these 14 patients had no
evidence of cardiorespiratory disease and comprise Group
IA. The other six patients had evidence of heart disease
and comprise Group IB. The average age of the eight
Group IA patients was 34, with a range of 24 to 52,
years. Exertional fatigue and breathlessness were noted
by seven of these eight patients but resulted in slight or
no limitation in exercise tolerance. Their physical exam-
inations were unremarkable except for typical evidence of
hyperthyroidism. Grade I or II upper left sternal border
systolic murmurs were noted in three, and Grade I
apical systolic murmurs in two, of these patients. Tele-
roentgenograms in these patients revealed normal cardiac
size and contour in six and slight prominence of the right
ventricular outflow tract in two (E. M., M. H.). Elec-
trocardiograms in five showed sinus tachycardia and in
two normal sinus rhythm. Increased QRS voltage was
noted in the unipolar precordial leads of six of the eight
(maximum S wave plus maximum R wave over 40 mm.).
Total blood volume estimated with 18. and related to
presenting body weight was normal in each of the three
in whom this measurement was made (E. M., G. C.,
M. H.).

The other six patients with thyrotoxicosis uncompli-
cated by congestive failure but with definite evidence of
heart disease are designated Group IB. The average age
of these patients was 47 years, with a range of 28 to 56.
Four had hypertensive heart disease (J. J., M. R., F. S.,
M. He.) with long-standing diastolic hypertension, ab-

1316



HEMODYNAMICSTUDIES IN HYPERTHYROIDISM

normal retinal arterioles and left ventricular hypertrophy
by electrocardiographic and roentgenographic examina-
tion. Another patient (L. D.), aged 37, had moderate
cardiac enlargement with electrocardiographic evidence of
increased QRS voltage and changes suggestive of dif-
fuse injury and ischemia which evolved to normal during
the initial month of therapy for her hyperthyroidism.
The final patient (L. P.) had rheumatic heart disease
with mitral regurgitation; her electrocardiogram was
compatible with left atrial and ventricular hypertrophy
as were her roentgenographic studies.

Despite the evidence of hyperthyroidism and heart dis-
ease in each patient no evidence of congestive failure was
found. Although abnormalities of the cardiac silhouette
were present in teleroentgenograms in each of the patients,
in no instance was evidence of pulmonary congestion
noted. Electrocardiograms in five of the six disclosed
a sinus mechanism and atrial fibrillation was present in one
(F. S.) at the time of study. Transient atrial fibrilla-
tion during hospitalization had occurred, however, in
three of the other five (J. J., M. R., L. P.). Arm to
lung circulation times ranged from 11 to 17 seconds in
the four patients in whom this determination was made.
Total blood volumes were within normal limits in two
patients (F. S., L. D.) and increased by 30 per cent in
one (L. P.). One of the patients (M. R.) had a signifi-
cant anemia.

Group II consists of seven other patients with hyper-
thyroidism, in each of whom congestive heart failure had
occurred during the course of the disease. They are
separated into two groups by the levels of their cardiac
outputs.

Group IIA consists of four patients with normal
cardiac outputs:

M. He. was a 68 year old female with hyperthyroidism
and hypertensive heart disease who had been studied
previously (Group IB). She had not become euthyroid.
A year after the first study she entered the hospital in
moderately severe congestive failure which had cleared
by the time of her second study.

N. S. was a 42 year old female who presented with
evidence of rheumatic heart disease with mitral and aor-
tic regurgitation, atrial fibrillation and congestive failure.
Following physiologic studies she responded well to anti-
thyroid medication and her congestive failure cleared.

S. S.J was a 36 year old male who rapidly developed
severe congestive failure in the week prior to admission.
On examination he presented marked pulmonary and
peripheral edema, a Grade III apical holosystolic murmur,
atrial fibrillation, and in teleroentgenograms had diffuse
cardiac enlargement with pulmonary congestion. He lost
40 pounds in a week with improvement in the signs of
congestive failure, but cardiac enlargement and pulmo-
nary congestion persisted in his chest films at the time of
study. It was felt that he probably had antecedent rheu-
matic heart disease. He was treated with I". Two years

1 This patient was studied through the courtesy of Dr.
Lyle A. Baker, Chief of Medicine, Veterans Administra-
tion Hospital, Hines, Ill.

after study he was entirely well; the cardiac examination
and teleroentgenograms were normal and electrocardio-
grams revealed that he had reverted to normal sinus
rhythm.

H. K. was a 55 year old female who presented evidence
of hypertensive cardiovascular disease with congestive
failure in addition to hyperthyroidism. Atrial fibrillation
was present. Teleroentgenograms disclosed diffuse
cardiac enlargement and congestion of the lung fields.
Six months later following antithyroid therapy her thyro-
toxicosis and congestive failure were much improved.

Group IIB consists of three patients who had unusually
high cardiac outputs:

G. F.2 was a 38 year old male in whom a diagnosis of
hyperthyroidism was made two years prior to study.
Various antithyroid drugs had been given until a few
weeks prior to admission. In the five months prior to ob-
servation, dyspnea and edema appeared and progressed
despite digitalis and diuretic therapy. Examination re-
vealed severe congestive failure. Teleroentgenograms
showed diffuse cardiac enlargement with pulmonary con-
gestion; an electrocardiogram showed atrial fibrillation at
a rate of 124 without other abnormality. Physiologic
studies were performed eight days following admission at
which time his hemoglobin had fallen to 8.3 Gm. Two
and one-half years later his functional capacity was Class
I and a teleroentgenogram showed normal heart size
and contour; atrial fibrillation persisted without other
electrocardiographic abnormality. His hemoglobin was
normal.

P. R. was a 49 year old female who presented with se-
vere congestive failure. An electrocardiogram showed
atrial fibrillation at a rate of 245 with runs of ventricular
tachycardia. Blood volume was 35 per cent above pre-
dicted. A teleroentgenogram was interpreted as normal.
She was treated with oxygen, morphine, Lugol's solu-
tion and propylthiouracil and rapidly digitalized. Physio-
logic studies were performed 19 days after admission, at
which time her neck veins were not distended and her
lung fields were clear. Serial electrocardiograms showed
progressive decrease in ventricular rate with persistence
of fibrillation and nonspecifically abnormal ST-T de-
flections. She was readmitted nine months later be-
cause of recurrence of dyspnea, orthopnea and edema.
Her heart was enlarged; atrial fibrillation and 3 + edema
were present. Her basal metabolic rate was + 47 per
cent. A thyroidectomy was performed followed by re-
mission of symptoms and signs of heart disease despite the
persistence of atrial fibrillation for the six month follow-up
period available.

I. J. was a 28 year old female who presented with a
history of hyperthyroidism of 22 months' duration and
congestive failure of six months' duration with known
hypertensive heart disease. An electrocardiogram
showed normal sinus rhythm and was compatible with left
ventricular hypertrophy. After physiologic studies she

2 This patient was studied through the courtesy of Dr.
Lyle A. Baker, Chief of Medicine, Veterans Administra-
tion Hospital, Hines, Ill.
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TABLE I

Hemodynamic data in patients with thyrotoxicosis

Cardiac output
(L./min. X 100)

Basal Oxygen Cardiac Oxygen consumption Stroke Heart
meta- consumption index (Ml.) index rate

Surface Hemo- bolic
Patient Age Sex area globin rate R E R E R E R E R E

M.2 Gm. ml./min./M.2 L.1min.1M.2 ml.lbeatl beatsl
M.2 minute

Group I-No congestive failure
A. No heart disease (8)

J. A. 27 F 1.75 11.6 +51 174 283 4.54 5.42 2.61 1.92 44 48 103 112
+42

S. P. 57 F 1.26 13.2 +34* 168 298 5.20 6.42 3.10 2.15 41 46 128 140
+46

G. C. 24 F 1.63 12.0 +49 187 272 6.64 9.53 3.55 3.50 63 75 104 127
+49

E. M. 29 F 1.62 12.5 +55* 194 425 6.27 8.49 3.23 2.00 48 57 132 150
+53

M. H. 30 F 1.50 10.7 +23* 201 267 5.95 5.91 2.96 2.21 60 57 99 103
+62

R. E. 52 M 1.79 12.8 +60* 211 344 5.55 8.00 2.63 2.33 50 67 110 120
+68

B. R. 24 M 1.72 12.3 +85 252 395 7.44 14.26 2.95 3.61 66 116 113 123
+81

E. A. 32 F 1.66 12.7 +33 225 381 6.25 7.76 2.78 2.04 73 75 86 103
+83

Mean 34 1.62 12.2 +61 202 333t 5.98 8.22t 2.98 2.47t 56 68 109 122t
Standard error 10 22 0.32 0.99 0.11 0.24 4 8 5 6

B. Heart disease (6)
J. J.§ 56 M 1.73 13.6 +318 164 347 2.90 5.47 1.77 1.58 40 66 7111 83

M. R. 46 F 1.90 9.5 +53* 172 249 4.77 5.13 2.77 2.06 49 51 9811 100
+41

F. S. 46 M 1.74 14.7 +36* 183 312 2.84 3.68 1.55 1.18 24 23 120¶ 160
+41

L.D. 37 F 1.62 11.8 +35 181 348 4.58 6.00 2.53 1.72 52 63 87 95
+47

L. P. 28 F 1.51 14.1 +74* 205 411 5.08 8.43 2.48 2.05 53 70 9511 120
+75

M. He. 66 F 1.43 13.3 +45 208 403 6.31 6.40 3.03 1.59 55 49 116 132
+86

Mean 47 1.66 12.8 +54 185 345t 4.41 5.85t 2.36 1.70t 46 54 98 115t
Standard error 7 25 0.55 0.64 0.27 0.14 5 7 7 11

Group II-Congestive failure
A. Normal cardiac output (4)

M. He. 68 F 1.46 13.1 +216* 147 207 2.51 2.89 1.71 1.40 28 27 89 107

N. S. 42 F 1.78 9.6 +29* 175 371 4.45 4.91 2.54 1.32 45 35 100¶ 140
+49

H. K. 55 F 1.65 12.3 +45* 225 262 3.31 3.67 1.47 1.40 30 31 1101¶ 119
+96

S. S.I 36 M 1.24 13.5 +54* 206 263 3.12 3.83 1.51 1.46 25 31 125¶[ 125
+54

Mean 50 1.53 12.1 +55 188 276t 3.35 3.83 1.81 1.40 32 31 106 123
Standard error 17 34 0.41 0.42 0.25 0.03 4 2 8 7

B. High cardiac output (3)
G. F.I 38 M 1.94 8.3 +24 166 273 8.26 7.10 4.98 2.60 66 45 1241 156

P. R.1 49 F 1.52 11.6 +71 205 249 8.50 6.68 4.15 2.68 65 39 1291¶ 173
+70

I. J. 28 F 1.96 11.2 +25 259 297 10.04 8.91 3.88 3.00 90 70 111 127
+110

Mean 38 1.81 10.3 +68 210 273 8.93 7.56t 4.34 2.76 73 51 121 152
Standard error 27 14 0.56 0.68 0.33 0.12 8 9 5 13

Normals (6)
Mean 36 1.71 13.4 - 5 127 222t 2.98 4.26t 2.33 1.92 39 49 76 87t
Standard error 6 13 0.25 0.42 0.36 0.14 3 5 3 2
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TABLE I-Continued

Mean
A-V Right pulmonary Brachial artery pressure Total Total Left

oxygen atrial artery pulmonary systemic ventricular
difference pressure pressure R E resistance resistance work index

R E R E R E S/D M S/D M R E R E R E

ml./lOO ml. mmn. Hg mm. Hg mm. Hg dynes-sec.- dynes-sec.- Kg. M./min./
cm.-5 cm.-S M.2

12 12 19

5 7 23

5 5 19

4 5 17

8 5 21

24

25

21

10 14

3 1 16 20

7 6 19 23
1 2 1 1

I 17/70

133/64

126/69

125/72

119/68

112/72

114/59

97/60

118/67
4-4

91

91

87

84

84

85

80

73

84
2

134/74 98

143/72 103

127/68 89

134/71 88

129/72 87

126/74 91

151/75 112

137/80 103

135t/73f 96t
5-3 3

191 916 826 5.62 7.21

280 237 1,190 1,018 6.44 8.98

140 643 458 7.87 11.53

134 145 661 512 7.16 10.19

188 189 752 784 6.80 6.99

520 508 6.41 9.90

493 422 8.11 18.76

123 124 562 757 6.20 10.87

184 183 717 660t 6.83 10.55S
27 33 83 76 0.30 1.30

-3 1 12 12 154/72 101

9 15 27 35 140/68 100

11 13 29 42 167/104 125

6 13 133/73 99

2 4 20 23 104/64 87

RV RV 166 134/0 28/0 146/68 112

5 11t 22 28 141/75 104
3 3 4 7 9-6 5

4

18

18

13
5

26

7 7

8 12

11 15
4 6

4 3
1 1

12

19

39

25

24
6

35

24

53

33

37?
9

39

149/64 95

118/65 87

169/75 116

122/63 83

140/67 95
12-3 7

134/52 79

165/91 119

120/75 95

140/73 98
13-11 12

15 18 134/76 100
5 6 8-3 5

178/82 158 191 101

166/92 127 238 287

204/131 155 469 524

160/89 119

110/69 86 208 144

187/72 128

168t/89t 129t 277 264
13-9 11 65 95

162/70 107

135/70 93

185/90 126

129/64 83

153t/74 102
13-6 3

262

192

571

516

385
93

175

242

699

555

499
186

226

1,608 1,334

883 1,041

2,022 1,459

1,066 978

907 540

991 1,118

1.246 1,078
189 131

2,070 2,030

878 850

1,698 1,662

1,714 1,396

1,590 1,484
253 248

394

167/94 121 737 941

386

506
116

135/78 103 242 207 1,636 1,130t
8-4 2 30 35 118 123

* PBI > 12 Ag. per 100 ml. or RAI uptake > 60 per cent.
tp <0.02.
?p <0.05.

On digitalis at time of study.
Transient atrial fibrillation during hospitalization.
Atrial fibrillation at time of study.

3.84 5.22

3.23 4.65

2.82 2.85

3.08 5.00

3.38 4.52

3.80 4.30

3.38 2.77

3.60 4.91

3.39 4.28t
0.12 0.34

5.66 6.34

3.61 4.85

6.44 8.49

3.95 5.80

4.04 4.88

3.30 6.36

4.50 6.12t
0.50 0.55

5.83 7.16

3.94 7.56

6.81 7.14

6.59 6.86

5.79 7.18
0.65 0.14

2.01 3.85

2.42 3.73

2.58 3.34

2.33 3.64
0.17 0.15

4.41 5.36
0.23 0.14

2

24

13

10

12
4

18

4.02 11.75

6.48 8.67

7.14 10.29

6.17 9.71

6.01 9.86

9.62 11.15

6.57 10.24t
0.74 0.45

5.26 6.21

5.22 6.29

3.52 4.32

3.25 4.21

4.31 5.26
0.54 0.59

8.87

13.73 11.04

13.42

12.01
1.55

3.58 6.16
0.33 0.81
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was treated and became euthyroid. Nine months later
she was admitted for thyroidectomy and was asympto-
matic. Examination revealed blood pressures ranging
from 152/100 to 170/110 and evidence of hypertensive
heart disease without congestive failure.

Basal metabolic rates of each patient are shown in
Table I, with the first value being the lowest determina-
tion recorded in the two weeks prior to physiologic study
and the second value being the measurement made at the
time of study. The results of serum protein-bound iodine
and/or thyroidal uptake of 131 determinations in these
patients are indicated by an asterisk.

METHODS
The studies were performed in an air-conditioned room

on patients in the postabsorptive state, usually after a
sedative dose of sodium allyl barbiturate. Details of the
methods used in this laboratory have been reported pre-
viously (6). Cardiac output was determined at rest and
during the fourth minute of exercise performed supine on
a stationary bicycle. Total systemic and pulmonary re-
sistances were calculated as follows:

total systemic resistance (dynes-sec-cm.-5)
BAMX 1,332

C.O.
and

total pulmonary resistance (dynes-sec-cm.-5)
PAmX 1,332

C.O.

where BAm= brachial arterial mean pressure (mm. Hg),
PAm = pulmonary arterial mean pressure (mm. Hg) and
C.O. = cardiac output (ml. per second). "Left ventricu-
lar work index" was approximated, in the absence of pul-
monary capillary wedge pressures, by the calculation:

left ventricular work (Kg. M. per minute per M.2)
CI X BAmX 1.36

1,000
RESULTS

The data obtained in these patients are shown
in Table I together with values obtained in healthy
subjects studied in our laboratory with which they
are compared.

Group JA-Thyrotoxicosis without heart disease
or congestive failure

The mean cardiac output index of 5.98 S.D.
0.89 L. per minute per M.2 in these eight pa-

tients was abnormally elevated (p < 0.001); the
ratio of the cardiac index to the level of oxygen

consumption index of 2.98 S.D. 0.31 L. per

100 ml. was also significantly greater than in the
healthy subjects (p < 0.01). During exercise the
mean increase of the cardiac output was signifi-

cant (p < 0.02). In two patients (G. C., B. R.)
a marked hyper-response of output during exercise
was observed. In one patient (M. H.), whose
metabolic rate at the time of study was con-
siderably more elevated than on the ward, little
further increase in oxygen consumption and no
change in the cardiac output occurred during
exercise.

The increased resting output in these patients
was occasioned both by a greater stroke volume
index (p < 0.02) and heart rate (p < 0.001) than
normal. During exercise a significant increase in
heart rate occurred and the stroke volume in-
creased from 4 to 50 ml. per beat per M.2 in six
of the eight patients; the mean increase was not
significant. Atrial fibrillation was not observed.

The arteriovenous oxygen difference of 3.39 ±
S.D. 0.35 ml. per 100 ml. at rest was significantly
lower than normal (p < 0.01). During exercise,
the mean arteriovenous oxygen difference widened
normally; in the two patients in whom marked
hyper-response of the cardiac output occurred, no
change or actual decrease in oxygen extraction
occurred. Arterial oxygen saturation was normal
in each patient.

Mean right atrial and mean pulmonary arterial
pressures for the group were high normal at rest
and did not increase with exercise although a sig-
nificant rise (p < 0.05) in pulmonary arterial
systolic pressure occurred. Two patients (J. A.,
R. E.) had definite atrial hypertension at rest.
Calculated total pulmonary resistances were low
normal and did not change with exercise.

At rest total systemic resistance was lower than
normal (p < 0.001). During exercise, despite a
significant rise in systolic, diastolic and mean
(p < 0.05) arterial pressures, a further signifi-
cant decrease in systemic resistance occurred
(p < 0.05). The left ventricular work index
was greater than normal (p < 0.001) and in-
creased significantly with exercise. The level of
left ventricular work at rest in this group (6.83 +

0.85 Kg. M. per minute per M.2) equaled that of
the normals during exercise (6.16 + 1.99 Kg. M.
per minute per M.2).

Group IB-Thyrotoxicosis with antecedent heart
disease but wvithout congestive failure
The resting mean cardiac index of 4.41 ±

S.D. 1.33 L. per minute per M.2 in these pa-
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tients was greater than normal (p < 0.05) but
the ratio of cardiac output to oxygen consumption
did not differ from normal in contrast to Group
IA. The exercise response of cardiac output for
the group did not differ from normal or Group IA.
The ratio of cardiac output to oxygen consumption
was lower at rest (p < 0.05) and during exercise
(p < 0.05) than in Group IA. Two patients
(J. J., F. S.) had relatively low outputs at rest.
One (J. J.) was the only one in the group who
had been digitalized; he showed a normal in-
crease in output with exercise. The other pa-
tient, F. S., had a relatively low output during
exercise as well, despite the expected increase in
oxygen consumption. He was the only patient in
this group who presented atrial fibrillation at the
time of study. Another patient, M. He., failed to
show an increase in output with exercise despite
a marked increase in oxygen consumption; she
subsequently developed congestive failure (vide
infra, Group IIA). The mean stroke volume
index for the group was not significantly elevated
at rest nor did it increase with exercise. The
mean heart rate was elevated at rest (p < 0.05)
and increased with exercise. In addition to the
one patient with atrial fibrillation at the time of
study three other patients (J. J., M. R., L. P.)
had transient fibrillation during hospitalization
prior to study. The mean arteriovenous oxygen
difference was greater than in Group IA (p <
0.05) and did not differ from normal. With ex-
ercise it increased considerably to a high normal
level which was greater than in Group IA (p <
0.02). Mean right atrial pressure at rest was
normal but increased significantly during exer-
cise in contrast to Group IA. Patient F. S. had
atrial hypertension. Mean pulmonary arterial
pressure was in the high normal range at rest and
during exercise. Slight pulmonary hypertension
developed during exercise in the patient with
atrial fibrillation (F. S). With one exception
(L. P.) the mean brachial artery pressure both at
rest and during exercise was higher in each pa-
tient in this group than in any patient in Group IA,
which was expected since four of the six had hy-
pertensive heart disease. Mean brachial artery
pressure for the group was not higher than in the
normal subjects, however, and systemic resistance
at the time of study was in the normal range.
With exercise mean brachial artery pressure rose

and systemic resistance did not change. Pulmo-
nary resistance did not differ from normal. The
left ventricular work index was elevated at rest
(p < 0.01) and rose with exercise.

II. Thyrotoxicosis complicated by congestive
failure

Group IIA. In these four patients the mean
cardiac index at rest was not different from nor-
mal. During exercise no significant change in
output occurred in contrast to normal subjects.
The ratio of cardiac output to oxygen consump-
tion at rest and during exercise was lower in each
patient than in any patient in Group IA. The
absolute level of cardiac index during exercise for
this small group was lower than normal (p <
0.05). The stroke volume index was in the nor-
mal range and did not increase during exercise.
The heart rate was elevated at rest and increased
in three of the four during exercise. The mean
arteriovenous oxygen difference for the group was
abnormally widened at rest and exercise when
compared with normal (p < 0.05). Mean atrial
pressure was elevated at rest and exercise com-
pared with normals (p < 0.02). Patient M. He.,
who was not clinically in failure at the time of
study, had a normal atrial pressure. A signifi-
cant pulmonary hypertension (p < 0.02) occurred
with exercise. Pulmonary resistance was high
normal at rest and exercise. Although a signifi-
cant increase in left ventricular work occurred
with exercise, the absolute level during exercise
was not different from that in Group IA or IB at
rest.

Group IIB. The hemodynamic data obtained in
these three patients differed strikingly from the
other patients studied. The mean cardiac index of
8.93 + S.D. 0.97 L. per minute per M.2 calculated
for this small group was higher than in the nor-
mals (p < 0.001), Group IA (p < 0.001) or in
Group IIA (p < 0.001), and the mean ratio of
cardiac output to oxygen consumption was signifi-
cantly greater than in Group IA (p < 0.001).
With exercise a marked drop in cardiac index
occurred in each patient in this group in contrast
to all of the other patients. The mean stroke in-
dex for the group was higher than normal (p <
0.01) and decreased with exercise. The mean
heart rate for the group was elevated at rest (p <
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0.001) and increased in each during exercise; two
of these three patients had atrial fibrillation. The
mean arteriovenous difference for the group was
quite narrowed both at rest and exercise (p <
0.01). Mean atrial pressures were elevated at rest
and became yet more elevated during exercise in
two of the three; normal values were obtained
in P. R. who was not in failure clinically at the
time of study. Pulmonary arterial pressure was
elevated in the one patient in whom it was meas-
ured. Systemic resistance was markedly reduced
in each patient and left ventricular work was in-
creased at rest to a level higher than the exercise
level in all but one (B. R.) of the patients in the
entire series.

DISCUSSION

The circulatory responses to thyrotoxicosis ob-
served in the seven patients without heart disease
or congestive failure (Group IA) at rest were,
in general, similar to those described by others
(7-16). The responses of the cardiac output and
systemic resistance to mild exercise in these pa-
tients were qualitatively similar to healthy persons
and the increased blood flow associated with thyro-
toxicosis both at rest and during exercise occurred
without significant change in right atrial or pulmo-
nary arterial pressures. These data strongly sug-
gest myocardial competence and have been used as
a basis for comparison with the other groups.

Since hyperthyroid patients both without con-
gestive failure (Group IA) and some of those
with congestive failure (Group IIB) had nar-
rowed arteriovenous differences and thus greater
than normal ratios of cardiac output to oxygen
consumption, the commonly used relationship of
cardiac output to oxygen consumption as a meas-
ure of cardiac competence was not possible. Al-
though any of these hyperthyroid individuals
might not have been basal at the time of the "rest"
study and hence factors tending to elevate the
cardiac output out of proportion to oxygen re-
quirement might have been operative, the opera-
tion of such factors was largely overcome by the
exogenous load of exercise. The exercise cardiac
output and arteriovenous difference data clearly
separate the four groups of patients and the
arteriovenous difference remained less than the
normal during exercise in the second group of pa-
tients who had had congestive failure (Group

IIB) as well as in the patients without failure
(Group IA). Weassume, therefore, that regard-
less of the absolute level of cardiac output its
change with exercise was the best indicator of
cardiac competence for the evaluation of these
patients.

The patients in Group IB were initially clas-
sified as not having myocardial inadequacy despite
the presence of heart disease because of the absence
of congestive failure. This clinical impression
was confirmed by the qualitatively normal cardiac
output response to exercise. Although the cardiac
output was elevated in this group with respect to
normal, the ratio of the cardiac output to the level
of oxygen consumption was less than in the thyro-
toxic patients without heart disease. More elabor-
ate measurements of oxygen demand and output
response relationship (17) in patients of this
kind would be of particular interest, since the
significant rise in atrial pressure during exercise
in this group also suggests some degree of im-
pairment in myocardial function.

The physiologic data in the patients who had
had clinical congestive failure differed markedly
from those obtained in the patients without fail-
ure. In four of the patients (Group IIA) the
cardiac output was in the normal range at rest but
was quite inadequate with respect to the elevated
oxygen consumption as reflected in the low ratio
of cardiac output to oxygen consumption and the
widened arteriovenous oxygen difference. This
group therefore presented relatively "low output"
failure when compared with the patients with
thyrotoxicosis without congestive failure (Group
IA). When compared with seven euthyroid pa-
tients with congestive failure on the basis of pri-
mary myocardial disease (6) in whomthe cardiac
output averaged 1.93 + S.D. 0.31 L. per minute
per M.2, however, these patients had relatively
"high output" failure. The elevation of right
atrial pressure at rest and of atrial and pulmonary
arterial pressure during exercise and the failure
of the cardiac output to rise or of systemic resist-
ance to decrease with exercise found in this group
were entirely similar to the findings in euthyroid
patients with heart failure due to myocardial dis-
ease. Three of the four patients in this group had
definite heart disease antedating the onset of
thyrotoxicosis.

The findings in the fourth patient, S. S., are of
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particular interest. At the time of study, despite
his young age and lack of definitive evidence of
rheumatic heart disease, he was considered as
probably having heart disease antedating his thyro-
toxicosis on the basis of the clinical and hemody-
namic data. Over the course of the two years
following study as he returned to full health and
eventually had an entirely normal exercise toler-
ance and cardiovascular examination, our original
impression became untenable and he was catego-
rized as a patient in whom the hyperthyroid state
had transiently produced myocardial inadequacy
and congestive heart failure.

In the other group of patients who had pre-
sented congestive failure clinically (Group IIB)
the decrease in cardiac output with exercise in the
presence of elevation of the right atrial pressure
in two of the three and of pulmonary arterial
pressure in the one in whom these data were ob-
tained were also similar to euthyroid patients with
congestive failure. The striking finding in each
of these patients, however, was a cardiac output
and cardiac output to oxygen consumption ratio
which was not only considerably greater than
normal but also greater than in any patient with
thyrotoxicosis not in failure (Group IA). The
first of these patients had a moderate anemia in
addition to hyperthyroidism at the time of study
which contributed to his circulatory load. We
have found, however, that a considerable hyper-
response of cardiac output characteristically oc-
curs during exercise in patients with hemoglobins
of 8 Gm. (18) in contrast to the fall in cardiac
output observed in this patient. He has since
totally recovered, and resembles the young pa-
tient described in 1929 by Burwell, Smith and
Neighbors (19) who presented a combination of
thyrotoxicosis and pernicious anemia, in whom
the cardiac output was far above that expected on
the basis of metabolic demand, and who also ap-
parently had no antecedent or residual heart dis-
ease after treatment of his anemia and thyro-
toxicosis. The second patient in this group was
older, had a questionable history of angina pec-
toris, had had severe cardiac irritability with runs
of ventricular tachycardia on entry and remained in
clinical congestive failure for nine months until
she became euthyroid following thyroidectomy, at
which time she presented no signs of heart disease.
The third patient had mild hypertensive heart

disease without clinically apparent decrease in
myocardial reserve until the development of hy-
perthyroidism and subsequent congestive failure.
Thus, in two of these three patients no antecedent
or residual heart disease was evident; in the
third, only mild hypertensive heart disease was
present before and after thyrotoxicosis.

Elucidation of the genesis of the clinical syn-
drome of congestive failure in these patients re-
quires a consideration of the cardiovascular
stresses imposed by thyrotoxicosis and the mecha-
nisms by which they may cause myocardial incom-
petence.

Despite the absence of characteristic cardiac
morphologic abnormalities in patients who have
succumbed with thyrotoxicosis and heart failure
(5, 20, 21), a direct alteration of myocardial func-
tion by thyroxin has been demonstrated in both
clinical and experimental hyperthyroidism (15,
22-30). Impairment of myocardial energy pro-
duction due to altered enzyme function may have
been a factor involved in the failure of an adequate
cardiac output response to exercise(31-35). The
action of thyroxin on myocardial function may
well be mediated by sensitization of the myo-
cardium to sympathetic nerve stimulation and to
sympathomimetic amines (36-40). An increased
concentration of catechol amines has also been
demonstrated in the myocardia of thyrotoxic dogs
(41). The hyper-response of cardiac output to
exercise (G. C., B. R.) and the occurrence of
paroxysmal ventricular tachycardia in Patient
P. R. may well be attributable to this phenomenon
(42, 43). Furthermore the possibility that myo-
cardial hypoxia and hence impaired function
may be caused by excessive catechol amine concen-
trations has also been mentioned (41).

In addition to a possible direct impairment of
myocardial metabolism, thyrotoxicosis frequently
is associated with the occurrence of atrial fibrilla-
tion which was present in five of the seven pa-
tients with congestive failure in the present study.
Data from several studies (3, 44, 45) have sug-
gested that the occurrence of this arrhythmia is
related to the age of the patient with thyrotoxi-
cosis and hence with the possibility of antecedent
or underlying heart disease. The absence of this
arrhythmia in the patients without heart dis-
ease or congestive failure (Group IA) and its oc-
currence in four of the six patients with heart dis-
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ease but without congestive failure (Group IB)
are consonant with this view. The occurrence of
atrial fibrillation in the two younger patients
(S. S., G. F.) who recovered from congestive
failure and from the arrhythmia without evidence
of heart disease, however, suggests thyrotoxicosis
as the immediate cause perhaps because of in-
creased myocardial sensitivity to epinephrine (39).
The persistence of the arrhythmia in these two
patients for over two years after they had become
euthyroid and its eventual subsequent disappear-
ance in one (S. S.) suggests, however, a disorder
of a more chronic nature. Althought atrial fibril-
lation does not compromise the circulation at rest,
impaired circulatory responses to the increased
circulatory demands of exercise are well-docu-
mented (46-47). Since the circulation of the
hyperthyroid patient is under a constantly in-
creased load even at rest, the probable importance
of this arrhythmia as a factor in the development
of congestive failure is evident (48-49).

In addition to the direct alteration of myo-
cardial function in the presence of excess thyroxin,
the probable operation of a considerably increased
peripheral circulatory load in these patients is
suggested by the occurrence of heart failure at
absolute levels of cardiac output which were nor-
mal or high. The "normal" cardiac outputs of
the patients with antecedent heart disease (Group
IIB; M. He., N. S., H. K.) and of Patient S. S.
(Group IIB) who apparently had no antecedent
or residual heart disease were inadequate with
respect to the increased oxygen requirement of
thyrotoxicosis; the ratio of cardiac output to
oxygen consumption was abnormally low and the
arteriovenous oxygen difference abnormally
widened. The cardiac outputs of the other three
patients (Group IIB) at rest, however, were
more than adequate with respect to this usual
measure of circulatory load since the ratio of
cardiac output to oxygen consumption was in-
creased and the arteriovenous oxygen difference
abnormally narrowed. Since clinical congestive
failure had occurred and the hemodynamic re-
sponses observed in these individuals during
exercise were compatible with myocardial in-
adequacy, an additional peripheral nonoxygen
load may be postulated for which their cardiac
outputs were inadequate. The existence of a non-
oxygen circulatory load (10, 19, 50, 51) in un-

complicated thyrotoxicosis is also suggested by
the elevation of the ratio of cardiac output to
oxygen consumption and narrowed arteriovenous
difference found in the patients without heart dis-
ease or congestive failure (Group IA).

The nature of a peripheral nonoxygen circu-
latory load remains speculative. The evidence is
excellent that many of the cardiovascular phe-
nomena associated with excess thyroxin may be
due in considerable part to hyper-reactivity to
catechol amines and peripheral sympathomimetic
hypersensitivity (52). It is difficult, however, to
attribute the warm, flushed skin and decrease in
total systemic resistance found in many thyrotoxic
patients solely to chronically increased sympa-
thetic stimulation or reactivity.

The peripheral circulatory stigmata of thyro-
toxicosis in man, in contrast to dogs, whose chief
avenue of heat loss is through the lungs, have sug-
gested that a considerable nonoxygen load in this
disorder may be attributable to an abnormally
increased skin and peripheral blood flow caused
in part by increased heat loss requirements (53-
57). The hemodynamic data in these thyrotoxic
patients resemble in many important respects the
data obtained in patients with systemic arterioven-
ous fistulae studied in our laboratory (58). In
these patients, in whom the circulatory load is
obviously restricted to the low resistance lesion in
the peripheral circulation, an abnormally highi
ratio of cardiac output to oxygen consumption
and narrowed arteriovenous difference were found
both in patients with and those without congestive
heart failure and the changes observed in cardiac
output and intravascular pressures during exer-
cise were similar to the corresponding groups in
the present study.

Other compensatory consequences of systemic
arteriovenous fistulae and of thyrotoxicosis are
also similar. An increase in blood volume fre-
quently occurs in thyrotoxicosis and is commonly
found in patients with arteriovenous fistulae (58-
61). In both of these conditions edema may occur
and indeed simulate congestive failure (62, 63)
in the presence of quite normal hemodynamic re-

sponses to exercise. Edema and a 35 per cent
increase in blood volume were found despite an
adequate cardiac output response to exercise and
normal atrial pressure in Patient L. P. (Group
IB) who had rheumatic heart disease and had
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transient bouts of atrial fibrillation. The con-
tinued development of hypervolemia, which initi-
ally represents a desirable circulatory adjustment,
may well be a factor in the development of myo-
cardial inadequacy (64) because of an augmented
venous return, overdistention of the heart, and
perhaps by contributing to the development of
atrial fibrillation. Since the finding of an inade-
quate cardiac output response to exercise in the
patients in Group IIB clearly indicates that actual
myocardial inadequacy may develop in patients
with thyrotoxicosis, as in patients with systemic
arteriovenous fistulae, at remarkably high absolute
levels of cardiac output, it is evident that the term
"noncardiac circulatory congestion simulating con-
gestive failure" (62) may not characterize ade-
quately the abnormalities of the circulation in pa-
tients with these disorders.

The data in this report suggest that congestive
heart failure may occur in the course of thyro-
toxicosis by several mechanisms. Inadequate myo-
cardial function with respect to the increased circu-
latory load may result from a direct effect of
thyroxin on the heart in the presence of sym-
pathomimetic amines, the increased circulatory
load of the disease may overcome a myocardium
damaged by heart disease of other etiology and
the increased circulatory load of thyrotoxicosis
may of itself overcome the myocardial reserve of
the apparently normal heart. When a decrease in
myocardial reserve is the major factor the cardiac
output tends to be in the "normal" range. When
the decrease in myocardial reserve is less and the
increase in circulatory load greater the cardiac
output may be remarkably high.

SUMMARY

1. Clinical and hemodynamic studies are re-
ported in 20 patients with thyrotoxicosis, in seven
of whom congestive failure had occurred.

2. In 14 patients without congestive failure the
hemodynamic responses during exercise were quali-
tatively normal, despite the fact that six had
antecedent heart disease.

3. In the patients who had been in congestive
failure the absolute level of cardiac output was
normal in four and was markedly elevated in
three. All had inadequate responses of the cardiac
output to exercise.

4. Atrial fibrillation occurred only in patients
in congestive failure or in those with antecedent
heart disease.

5. The peripheral circulatory load in thyrotoxi-
cosis is hemodynamically similar to that of sys-
temic arteriovenous fistulae.

6. Congestive failure occurred in the presence
of the circulatory load of thyrotoxicosis when
myocardial function was reduced by heart dis-
ease of other etiology, when thyrotoxicosis tran-
siently caused an inadequate myocardial function,
or when the circulatory load apparently overcame
the reserve of even the otherwise normal heart.
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