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The clinical diagnosis of coarctation of the aorta
has been made during life with increasing fre-
quency in the past few years. This defect has
taken on increased significance recently due to
attempts to explain the hypertension associated
with it on the basis of renal ischemia of the Gold-
blatt pattern. The effect of this congenital defect
on the circulation has been studied, however, in
only a few patients. Blumgart, Lawrence, and
Ernstene (1) reported detailed observations on
two patients. The difference between the oxygen
contents of the arterial and venous blood of both
the arms and the legs was within normal limits.
There was delay in the femoral pulse and round-
ing of the pulse wave. Measurement of the
velocity of blood flow gave evidence of slowing of
the arterial blood flow in the lower extremities.

Measurements of cardiac output are available
in only four cases. Grollman and Ferrigan (2)
found a normal arteriovenous oxygen difference,
an increased oxygen consumption, and elevated
cardiac output in one case.2 Strayhorn (3), who
made observations of a pregnant woman,8 found
the arteriovenous oxygen difference normal and
the oxygen consumption and cardiac output in-
creased. Following delivery, the oxygen con-
sumption, cardiac output, and arteriovenous
oxygen difference were all normal. Stewart and
others (4) studied the dynamics of the circulation
in one case.4 Lequime (5) found a normal ar-
teriovenous oxygen difference and basal metabolic
rate, and a cardiac output of 3.44 liters per minute
in one case.

1 Read by title before the Fifty-Fifth Annual Meeting
of the Association of American Physicians, held in At-
lantic City, New Jersey, May 8, 1940.
2This patient was later seen in New York Hospital

and is Case 4 in our series.
8 This patient was seen in New York Hospital and is

Case 14 in our series.
4This patient was seen in New York Hospital and is

Case 4 in this paper.

Our studies were made on fourteen patients
suffering from coarctation of the aorta who were
seen in the New York Hospital during the last
seven years.5 In thirteen the diagnosis was made
during life; in one the diagnosis was revealed at
autopsy; in four of the thirteen cases the diag-
nosis was confirmed at autopsy. All subjects
showed normal sinus mechanism. Clinical data
on these fourteen cases are presented in Table I.
On physical examination there were no clinical
evidences of other cardiac anomalies which might,
through recirculation of blood, give rise to er-
roneous results in the measurements.

METHODS

All observations were made in the morning under
basal conditions. Measurements of the cardiac output
were made by the acetylene method, three samples of
gas being taken as first recommended by Grollman (6),
and as further elaborated by Grollman and others (7).
Our method and the order of the procedures are exactly
as we have already described (8). The following data
were also collected: Oxygen consumption, vital capacity,
height and weight, electrocardiograms with IVF chest
leads (9), venous pressure (8, 10), blood pressures in
both arms and both legs, two-meter x-ray photographs
of the heart for measurement of the cardiac area (11),
and cardiac volume (12).
The arm-to-tongue circulation time was estimated by

the use of Decholin (8, 13). In certain patients (Cases
2, 5, 7, 8, and 9), Mascosol6 (14) was used. In them
the time was measured from the beginning of the injec-
tion until the patient perceived a flash of heat in the
throat, perineum, hands, and feet. The inhalation of
CO. was used to estimate circulation time from the
lungs to the respiratory center in seven patients (15)
(Table II).

5We are indebted to Dr. J. M. Steele for referring
Cases 2 and 5 to us. They are Cases A. C. and W. G.
in his paper (22).

6 Mascosol, a solution described by Spier, Wright, and
Saylor (14) containing magnesium sulphate, calcium
gluconate, and sodium chloride, was supplied to us for
these studies by The Nepera Chemical Co., Inc., of
Yonkers, N. Y.
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TABLE II

Data relaing to the circulation of nine cases of coarctation of the aorta*

0~ ~~~. 00- .

~~~~~ .-~~~~~~~~~~~~~~ 0.00 la .~~~~~~~~0 0 0 g * t e5t}Y# \'50O0 , 0d5l >g<.0r o-~~~~~~~~~~~~~-~~~

CC. liter liters e
e c M.minilion

cm. lcgm. sq.m.M Per cc.
M sq. iptr sq cm.cco. C: see- sec- °RL per pr

mmn- cen mnis-e peondm.ccondsa ne
c- Prm m. co

ute ute minute
Average
normal 61.5 2.09 59 14.4 101 45.2

valuesli

1 June 15, 1938 175.0 51.0 1.62 241 -6 43.3 5.59 3.45 108 52 100.2 485.0 84.9 10.6 5.0 117 3300 4.3 90 42
September 15, 1939 181.0 59.9 1.78 272 -3 44.6 6.09 3.42 80 76 122.3 654.6 103.4 9.9 6.2 118 4000 41

2 February 6, 1940 180.0 66.8 1.84 307 +5 49.6 6.19 3.36 68 91 132.3 733.5 163.4 13.5 4.8 50 5300 5.0 100 44

3 January 17, 1940 167.3 60.4 1.67 201 -4 61.7 3.26 1.95 60 54 110.2 531.8 80.8 14.1 6.7 72 2800 4.7 100 49

4 March 30, 1935 179.0 66.5 1.82 315 +24 90.3 3.52 1.93 89 41 284.2 2196.9 69.7 16.4 88 3250 59

5 September 23, 1939 165.0 48.3 1.52 257 +25 59.3 4.33 2.85 96 45 127.8 698.0 82.6 14.5 99 4100 5.5 116 45

6 September 30, 1939 156.7 52.2 1.50 218 +17 47.1 4.63 3.09 96 48 87.0 392.2 105.4 10.7 6.5 67 2700 5.1 102 44

7 January 30, 1940 152.5 54.8 1.51 172 -8 54.3 3.17 2.10 70 45 106.4 530.0 85.1 11.2 9.3 66 2300 4.6 100 49

8 December 29, 1939 183.0 74.6 1.97 224 -7 65.2 3.44 1.95 80 43 143.5 829.5 76.6 16.8 10.8 43 5100 4.0 94 46

9 March 19, 1940 181.5 69.3 1.91 216 -20 70.0 3.07 1.61 68 45 128.0 700.0 71.6 18.6 6.5 88 4400 5.5 115 46

* See blood pressure records which go with these observations in Table I.
t The areas of the heart in Cases 10, 12, 13 and 14 were 83.5, 173.2, 174.2, and 128.1 sq. cm., respectively.
§ The volumes of the hearts in Cases 10, 12, 13 and 14 were 370.0, 1101.3, 1111.9 and 701.2 cc., respectively.
** The circulation time and venous pressure were 9.7 seconds and 104 mm., respectively, in Case 10.
$ The cardiothoracic ratios in Cases 10, 12, 13 and 14 were 54, 59, 60, and 55, respectively.
§§ Stewart and Watson ((16) Tables II and III).

OBSERVATIONS

The cardiac output was measured in nine

(Cases 1 to 9) of the fourteen patients. In one

of these (Case 1) observations were made on two
occasions. None of these patients exhibited signs
or symptoms of congestive heart failure. The
data are recorded in Table II.
The cardiac output per square meter of body

surface per minute (cardiac index) was increased
in four cases (Cases 1, 2, 5, and 6) in whom the
range was from 2.85 to 3.45 liters; it was within
normal limits in four cases (Cases 3, 4, 7, and 8)
with a range from 1.93 to 2.10 liters, and was

reduced in one patient (Case 9) to 1.61 liters.
The range of basal heart rate was from 68 to 108
beats per minute. The cardiac output per beat
ranged from 41 cc. to 54 cc. in all but two cases.

Case 2 had an output of 91 cc. per beat and Case 1,
on the second estimation, fifteen months after the
earlier one, had an output of 76 cc. per beat.
During this interval there had been a gain in
weight and in height, giving rise to an increase in
surface area from 1.62 to 1.78 sq. m. The oxygen

consumption increased slightly at the time of the
second estimation but the basal metabolic rate was
unchanged (6 per cent and 3 per cent, respec-
tively). Both the arteriovenous oxygen differ-
ence and the cardiac index were unchanged.

In three of the nine patients the basal metabolic
rate was increased to + 24 per cent (Case 4),
+ 25 per cent (Case 5), and + 17 per cent (Case
6); in one it was decreased to -20 per cent
(Case 9); and in the remaining five patients
(Cases 1, 2, 3, 7, and 8) it was within the normal
range.

In four (Cases 3, 5, 7, and 8) of the nine cases
the arteriovenous oxygen difference was within
the normal range (60.0 + 5.0),7 in three (Cases
1, 2, and 6) it was decreased, and in two (Cases
4 and 9) it was increased.

According to x-ray photographs, the heart was
increased in size with a cardiothoracic ratio of
over 50 per cent in only one of the nine patients
having measurements of cardiac output, and in

7 Stewart and Watson (16) studied normal individuals
under the same conditions and by the same methods.
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CIRCULATION IN COARCTATION OF AORTA

four of the other five patients (Table II). The
left ventricular work ranged between 71.6 and
163.4 in grammeters per beat. When plotted
against the heart size, the left ventricular work
per beat was found to be adequate in all except
Case 4 whose heart was large and in whom the
cardiothoracic ratio was 59 per cent.
The arm-to-tongue circulation time (Decholin)

was within normal limits (10.4 to 17 seconds
(16)) in seven of the nine patients. In Case 10
it was slightly shorter than normal, measuring 9.7
seconds; and in Case 9 it was slightly prolonged,
measuring 18.6 seconds. One patient (Case 8)
had a prolonged circulation time throughout the
parts of the vascular tree which were tested by
Mascosol: throat, hands, perineum and feet
(Figure IA). In the other four cases (Cases 2,
5, 7, and 9) the arm-to-throat time was within or
near normal limits. The arm-to-hand time was
moderately prolonged in Case 9; the arm-to-
perineum time was definitely proloned in Cases 2
and 5; and the arm-to-foot time was prolonged
in Cases 5 and 9.
The velocity of the blood flow from the lungs

to the respiratory center was within or near
normal limits in seven cases (Table II).
The venous pressure was slightly elevated in

Case 1 and normal in the others (Table II).

DISCUSSION

The cardiac index was within the normal range
or increased in all except one patient in whom it
was decreased. The increased cardiac index in
the two younger patients (Case 1 and Case 2)
aged 15 and 17 years, respectively, is probably
normal for their age (16). In them the basal
metabolic rates were normal, and arteriovenous
oxygen differences were small. In Case 5, having
an increased cardiac index, the oxygen consump-
tion was increased, and in Case 6 not only was
the oxygen consumption increased, but the ar-
teriovenous oxygen difference was small. In
Case 9, having a decreased cardiac index, the basal
metabolic rate was low and the arteriovenous

oxygen difference was wide. In this case also the
arm-to-tongue circulation time was slightly longer
than in the other patients (Figure IA). In
Cases 3, 7, and 8, having normal cardiac indices,
both basal metabolic rates and arteriovenous
oxygen differences were normal. In a fourth
patient, Case 4, having a normal cardiac index,
the basal metabolic rate and arteriovenous oxygen
difference were both increased. This patient also
exhibited increased basal metabolic rate when he
was studied by Grollman and Ferrigan (2), but
the arteriovenous oxygen difference was then nor-
mal. He died a few months after our observa-
tions were made ( 18); the increased arteriovenous
oxygen difference no doubt indicated decrease in
functional capacity of the heart (4, 19). The
basal metabolic rate was increased in three of the
nine patients. Groilman and 'Ferrigan (2) sug-
gested that this phenomenon was occasioned by
the increased blood supply to the thyroid gland.
In none of the patients having increased oxygen
consumption, however, was the circulation time
shortened as is the case in hyperthyroidism.

In all except one (Case 4) of the nine cases,
the heart at rest maintained an adequate output
per beat in relation to its size. The cardiac out-
put, as was discussed above, was within normal
limits in this patient but the heart was greatly en-
larged, and as a consequence the output was not
in proportion to the cardiac size.
The velocity of blood flow was measured by

three methods. To points above the level of co-
arctation it was within or near normal limits
(Table II). The values of the arm-to-perineum
and arm-to-foot circulation time with the solution
described by Spier, Wright and Saylor (14) were
prolonged in most instances but normal in a few
cases (Figure 1A). Prolongation of the circula-
tion time to the feet in a patient with normal cir-
culation time to the throat and upper extremities
is indicative of the devious route which blood must
take in reaching the lower extremities. It may
be recalled that Blumgart, Lawrence, and Em-
stene (1), and, more recently, Woodbury, Mur-

FIG. 1. CRCULATION TIMES AND BLOOD PR.SSURES IN COARCTATION OF THE AORTA
In Figure 1A are recorded circulation times secured by using "Mascosol" in five patients

suffering from coarctation of the aorta. The dotted lines show the average values for normal in-
dividuals. In Figure 1B are recorded the blood pressures in the four extremities of fourteen
patients suffering from coarctation of the aorta.
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phey and Hamilton (20) found delay in the pulse
wave in the lower extremities, as well as a pro-
longed circulation time to the feet.

Disproportion of blood pressure in the arms and
legs was the most striking and constant finding
in this group of patients (Table I, Figure 1B).
It is recalled that in normal subjects both the
systolic and diastolic levels of blood pressure are
higher in the legs than in the arms. All patients
except Case 11 showed a higher systolic pressure
in the arms than in the legs. The diagnosis was
not made during life in this patient (Case 11) and
at autopsy only slight narrowing was found at
the site of coarctation. Hydronephrosis, second-
ary to occlusion of the right ureter, and arteriolar
nephrosclerosis were found at autopsy and may
explain the elevated arterial pressure in the ab-
sence of more marked constriction of the aorta.

In our cases the relationship of the diastolic
pressures in the arms and in the legs was variable.
Blood pressure levels could not be obtained in
the legs in four patients. Of the remaining ten
patients, three exhibited higher diastolic pressure
in the legs, four had approximately the same
diastolic pressures in the arms and legs, and three
showed higher diastolic pressure in the arms.

King's (21) analysis of the blood pressure read-
ings in the reported cases of coarctation revealed
that the blood pressure of the arms may be within
the normal range. This was the situation in Case
3 in our series; nevertheless the systolic pressure
in the legs bore the usual relationship found in
coarctation; namely, it was lower. King found
the systolic pressure in one or both arms uniformly
higher than that in the legs. He found diastolic
pressures of a higher level in the legs than in the
arms six times. In our cases the systolic blood
pressure readings were higher in the arms than
in the legs in all except Case 11. The diastolic
pressure in the legs was higher than that in the
arms in three cases and was above 90 mm. in five
cases. The levels of systolic and diastolic pres-
sure in the arms and legs indicate that there is not
only an increased resistance to the outflow of
blood at the site of coarctation and in the col-
lateral channels, but that there is a general increase
in peripheral resistance sufficient to maintain a
high diastolic pressure distal to the site of co-
arctation.

Steele (22) reviewed the knowledge of levels
of arterial pressure in 203 cases of coarctation of
the aorta and, by intra-arterial measurement,
found the diastolic pressure to be elevated above
100 mm. Hg in the femoral as well as the radial
arteries in two of three cases he studied. He
concluded that the increase in peripheral resistance
need not be confined to the upper half of the body
alone, that there may often be general increase in
arteriolar tone throughout the body, and that,
under these circumstances in so far as the dis-
tribution of peripheral arteriolar resistance is con-
cerned, the arterial hypertension in coarctation of
the aorta does not differ from the common forms
of arterial hypertension. Our cases herein re-
ported, in which the blood pressure in all extremi-
ties was increased, point to the same conclusion.
The absence of palpable pulsations in the ar-

teries of the legs was an inconstant finding. Eight
cases had palpable pulsations over the femoral
arteries, and in four of these pulsations were also
palpable over the popliteal and dorsalis pedis ar-
teries. The pulsations were feeble, however.
Pulsating superficial and intercostal arteries were
palpable over the upper thorax posteriorly in
eleven of the fourteen patients. In six of these,
bruits were heard over the dilated arteries
(Table I).
X-ray examination of the chest revealed erosion

of the ribs with scalloping and nicking of the in-
ferior margins posteriorly in eleven of our four-
teen cases, which was the most characteristic x-ray
finding (Table I). Five cases showed defects in
the aortic arch. This abnormality was not
searched for in oblique films in all cases. One
patient had absence of the aortic knob and one
had a prominent aortic knob; both showed scallop-
ing of the ribs.
Although these patients had hypertension and

had performed an increased amount of work per
beat over long periods, the heart, as ascertained
from the cardiothoracic ratio, was enlarged in
only one of the nine cases (Case 4) in whom the
cardiac output was measured, and in four (Cases
10, 12, 13, and 14) of the other cases studied;
in the remaining one (Case 11) the film was mis-
placed before this measurement had been made.
Four of the five cases having large hearts died
during the seven-year period which these obser-
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vations covered. Enlargement of the heart, then,
appears to indicate a poor prognosis.

Electrocardiograms did not show any pathog-
nomonic changes. In eleven of the fourteen cases
there was deviation of the electrical axis to the
left, a finding which occasions no surprise because
of burden placed on the left heart by the narrowing
of the aorta and because of hypertension (Table
I). In seven patients, the T-waves of the elec-
trocardiogram were abnormal and appeared to in-
dicate myocardial damage. Since these studies
were instituted, five of these seven have died.
The occurrence of T-wave changes indicates a
poor prognosis.

SUMMARY AND CONCLUSIONS

1. This study concerns fourteen cases of co-
arctation of the aorta. The diagnosis was made
during life in thirteen of these, at autopsy in one
case, and in four cases who died some time after
the diagnosis had been made it was confirmed by
autopsy.
The following observations were made in nine

of these cases: cardiac output, basal metabolic
rate, arteriovenous oxygen difference, cardiac out-
put per beat, left ventricular work per beat, the
blood pressure in all four extremities, venous
pressure, vital capacity, circulation time by means
of decholin, carbon dioxide inhalation, and Mas-
cosol, electrocardiograms and x-rays of the chest
(Tables I and II). Clinical observations of five
other patients are included in Table I.

2. The heart at rest was found to maintain a
normal or even increased volume output of blood
in coarctation of the aorta before the onset of
failure. In only one of the nine cases was the
cardiac output decreased (Case 9). In only one
of these patients (Case 4) was the heart enlarged
to give a cardiothoracic ratio greater than 50 per
cent. The work of the heart in relation to the
cardiac size was, as a consequence, adequate in
all except this one case (Case 4). This patient
had a cardiac output within normal limits but it
was not in proportion to the greatly enlarged heart.

3. The systolic blood pressure in the arms was
higher than that in the legs in all except one pa-
tient. This finding was the most constant of the
characteristic signs of coarctation of the aorta.
In most cases, there was not only an increase in

the resistance to the outflow of blood at the site
of coarctation and in the collateral channels, but
also a generalized increase in peripheral resistance
sufficient to maintain a high diastolic pressure
below the level of the coarctation.

4. The circulation time was within or near nor-
mal limits above the level of coarctation but there
was a tendency to prolongation below the coarc-
tation.

5. Erosion of the inferior margins of the ribs
posteriorly, giving rise to scalloping and notching,
was the most common x-ray finding in coarctation
of the aorta. This was noted in eleven of the
fourteen cases.

6. Enlargement of the heart and T-wave
changes in the electrocardiogram point to poor
prognosis when they occur.
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