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Summary 

Knowledge of the quality and speed of recovery after thoracot- 
omy is crucial for studies of the early changes in cardiovascular 
function in the neonatal period. We studied the early recovery 
period after thoracotomy with pericardiotomy, but without ventri- 
culotomy, in 21 lambs operated on between 2-24 days after birth. 
In 15 lambs, we measured resting pH, Paoz, Pacoz, 0 2  consump- 
tion, cardiac output, heart rate, and aortic and pulmonary arterial 
pressures, before and after thoracotomy, daily for 1 wk. We found 
that, except for Paoz (82 versus 87 torr), all variables returned to 
normal by the third day after thoracotomy. Four lambs were 
exposed to hypoxia (Fro2 0.09 for 1 h) before and 3 days after 
thoracotomy; hypoxia-induced changes were not different at the 
two different periods. Six other lambs, undergoing thoracotomy 
within the first 3 days after birth and exposed to hypoxia on the 
third postoperative day, had hypoxia-induced responses similar to 
six age-matched nonthoracotomized lambs. These findings indi- 
cate recovery of cardiovascular function by 48-72 h after thora- 
cotomy. We believe, therefore, that reliable studies of the circu- 
lation in lambs are possible as early as 3-4 days after birth, even 
if thoracotomy is required for making measurements. 

Speculation 

Thoracotomy, often required for the study of cardiovascular 
function, has adverse effects for a certain period of time. In 
newborn and young animals this period is only 2-3 days, thereby 
permitting essentially uninterrupted longitudinal studies despite 
thoracotomy. 

To measure specific cardiovascular functions in animals, tho- 
racotomy often is needed to implant catheters, or for the placement 
of flow transducers. Cardiovascular and respiratory functions 
might be altered for some time and thereby interfere with long 
term physiologic measurements. In adults, one could wait for a 
long recovery period before studying the animals, however, this is 
not possible in the rapidly growing newborn where the objectives 
may be the evaluation of the changes after birth. 

It is important, therefore, to know how quickly and completely 
the newborn animal recovers from thoracotomy. Daily studies will 
determine the recovery period required to avoid the effects of 
anesthesia and surgery. Study of the recovery period also should 
include responses to additional acute stress, because evaluation of 
values at rest alone may be misleading. On one hand, resting 
values could appear to be normal as a result of compensatory 
mechanisms; on the other, even if resting values are modified 
slightly, this does not necessarily imply that physiologic responses 
to stress may not be preserved. Therefore, we measured daily 
several cardiovascular (not including contractility indices) and 
hematologic variables, before and after thoracotomy, in lambs 
operated on as early as the second day after birth. We compared 
responses to hypoxia in a group of lambs before and shortly after 
thoracotomy. In another study we compared responses to hypoxia 

i 

between a group of thoracotomized newborn lambs and an age- 
matched group of unoperated lambs. 

MATERIALS AND METHODS 

EXPERIMENTAL DESIGN 

We studied 27 lambs of mixed western breed. In all, the date of 
birth was documented. Three series of studies were performed. 

I. Pre- and postthoracotomy resting values in the same lamb. In 
18 lambs, catheters were inserted into cervical vessels and the 
animals allowed to recover. A thoracotomy was then performed 
between 5-24 days after birth. Measurements were made the day 
after implantation of the catheters, just before thoracotomy, every 
day after thoracotomy for 4 days and then every second day for 
4 days. Three lambs died at or soon after thoracotomy before 
postoperative measurements were made. The 15 survivors had at 
least three postoperative measurements to compare with preoper- 
ative values. 

II.  Responses to hypoxia before and after thoracotomy in the 
same lamb. In four of the 15 surviving lambs of group I, the effects 
of hypoxia were studied 3 or 4 days before thoracotomy and on 
the third day after thoracotomy, performed 7-15 days after birth. 

III. Responses to hypoxia in age-matched lambs with or without 
thoracotomy. In three of the four lambs of group 11, plus another 
nine lambs, the effects of hypoxia were studied between 3-6 days 
after birth. In the three lambs from group 11, used for this part of 
the analysis before they underwent thoracotomy, plus three of the 
additional nine, the hypoxia studies were performed on the day 
after neck catheters only had been inserted. In the six other lambs, 
we performed a thoracotomy and the lambs were studied on the 
third postoperative day, at ages equivalent to the nine animals 
who had had a thoracotomy. 

SURGICAL PROCEDURES 

Cervical vessel catheterization. Under local anesthesia with 0.5% 
lidocaine HCl (Xylocaine), catheters were inserted into a carotid 
artery and jugular vein and advanced to the ascending aorta and 
pulmonary artery, respectively, during which time pressure was 
monitored. We used polyvinyl catheters (O.D., 1.8 mm and I.D., 
1.0 mm) for the aorta, and either a polyvinyl catheter (O.D., 1.2 
mm and I.D., 0.75 mm), a 5F Swan-Ganz balloon catheter, or a 
5F K.M.A. thermodilution catheter for the pulmonary artery. 

Thoracotomy. Anesthesia was induced by inhalation of 2-3% 
halothane. The lamb was intubated with a cuffed endotracheal 
tube, placed on a warming pad, and ventilated with 0.5-0.75% 
halothane in 100% oxygen by a positive pressure respiratory pump 
(Harvard Apparatus, MA). Inspiratory volume was 15 ml/kg, the 
initial pump frequency was 15-20 cycles/min and end-tidal pres- 
sure was 3-5 cm H20. Stroke rate and inspiratory volume were 
adjusted before the chest was opened to maintain Pacon at 35-40 
torr and pH at 7.38-7.45. 

Using sterile techniques, we performed a left thoracotomy in 
the third intercostal space in 12 lambs. Polyvinyl catheters (O.D., 
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1.2 mm and I.D., 0.75 mm) were inserted into the internal thoracic 
artery and vein and advanced to the brachiocephalic trunk and 
superior vena cava, respectively. The pericardium was incised over 
the main pulmonary artery parallel to this vessel to within 2-3 
mm of the sympathetic and vagus nerves. Polyvinyl catheters 
(O.D., 1.2 mm and I.D., 0.75 mm) were inserted, through purse- 
string sutures, directly into the main pulmonary artery and 
through the left atrial appendage into the body of the left atrium. 
After connective tissue around the ascending aorta was removed, 
the diameter of the aorta was measured with calipers. A precali- 
brated electromagnetic flow transducer (C-C Instruments, I.D., 
7-13 mm), selected to fit snugly without constriction, was applied 
around the aorta just above the coronary arteries. In another 12 
lambs the thoracotomy was performed through the fourth inter- 
costal space, and, in addition to the catheters and the flow 
transducer described above, we inserted a polyvinyl catheter 
(O.D., 1.8 mm, and I.D., 1 mm) into the coronary sinus (nine 
lambs) (1) or a polyvinyl catheter (O.D., 1.2 mm and I.D., 0.75 
mm) into a pulmonary vein (three lambs) in order to obtain blood 
samples for other studies. In all 24 lambs, a #8F polyvinyl catheter 
was placed in the left pleural cavity and used as a chest drainage 
tube. No attempt was made to close the pericardium. All catheters 
were filled with heparin and led with the chest tube and the flow 
transducer cable to the left flank, where they were protected by a 
cloth pocket sewn to the skin. The chest was closed in layers. 

During the procedure we paid special attention to maintaining 
the halothane concentration as low as possible, adjusting the 
ventilation by checking pH and Paco2 repeatedly, and expanding 
the lungs by occluding the expiratory tube for three or four 
respiratory cycles every 20-30 min. We replaced blood loss with 
adult blood only when this was estimated to exceed 20 m& because 
we wanted to avoid altering the oxygen equilibration curve of the 
blood. 

After the operation, we kept the lamb in a sling under a heating 
lamp and infused 10% dextrose intravenously at a rate of about 20 
ml/h. When the lambs could stand and suck, we brought them 
back to their mothers; usually they fed immediately. Most lambs 
were returned to the ewe within 314 h; a few, however, were kept 
in the sling for as long as 12 h. We flushed the catheters daily with 
0.9% saline and filled them with heparin solution. Procaine peni- 
cillin, 100,000 U/kg, and dihydrostreptomycin, 50 mg/kg, were 
given intramuscularly every day for 5 days. 

PROCEDURES 

Measurements. For each study the lamb was removed from the 
ewe, weighed, and placed in a sling so that it was supported in an 
upright position. The lamb was blindfolded so that it would be 
calm in the laboratory. A loosely fitting mask was placed over its 
face to collect mixed expired gas for continuous 0 2  consumption 
measurement by the flow-through system described previously (5). 
Aortic and pulmonary arterial blood pressures were measured 
with Statham P23Db pressure transducers and recorded continu- 
ously on a Beckman direct writing recorder. Heart rate was 
calculated from the aortic pressure tracing. Intermittent 1 ml blood 
samples were obtained simultaneously from the aorta and pul- 
monary artery. Blood gas tensions and pH, hemoglobin, and 0 2  

saturation were measured with a Radiometer blood gas analyzer 
and a Radiometer OSM-2 Hemoximeter, respectively. 0 2  content 
was calculated from the product of Oz saturation, hemoglobin 
concentration and a hemdglobin binding capacity of 1.36 73, 6). 
Cardiac o u t ~ u t  was calculated by the Fick equation (aortic and 
pulmonary irterial blood O2 coitent and v&), which we have 
shown is accurate for measuring cardiac output in young lambs 
(4). Indocyanine green indicator dilution curves were performed 
and analyzed qualitatively for detection of right-to-left or left-to- 
right shunts. Surface area was calculated from the weight (7) by 
applying the formula 0.124 X Cardiac output and 0 2  

consumption were expressed not only in relationship to body 
weight, but also to surface area, in order to minimize the normal 
daily changes due to the rapid growth of the lambs during the 
first wk after birth. The lambs were not sedated and data were 

collected only when they were quiet and resting. Because ambient 
temperature influences 0 2  consumption and cardiovascular func- 
tion at rest as well as during hypoxia (Sidi, unpublished data), we 
kept the ambient temperature at 25 -t OS°C during all studies. 

Hypoxia experiments. After control measurements were made 
while the lamb breathed room air, 9% oxygen in nitrogen, obtained 
from a gas mixer, was blown into a large plastic bag surrounding 
the head and neck and including the face mask described above 
for collection of expired air. The hypoxic gas was administered at 
a flow rate that greatly exceeded the minute ventilation of the 
lamb. so that room air could not be drawn into the face mask. 
~ e f o i e  each measurement of 0 2  consumption, the inspired fraction 
of O2 was checked on gas transferred from the gas mixer to the 0 2  

analyzer. The inspired fraction of 0 2  varied less than 0.2% per h 
during hypoxia. O2 consumption, heart rate, and aortic and pul- 
monary arterial blood pressures were measured continuously; 
paired blood samples were withdrawn from the pulmonary artery 
and aorta at 15, 30, 45, and 60 min after the onset of hypoxia. 
Before ending the hypoxia, an indicator dilution curve was ob- 
tained. 

Analysis. Analysis of the effects of thoracotomy on 0 2  con- 
sumption, cardiac output, and heart rate is complicated by the 
normal change of these variables with advancing age and increas- 
ing body weight. We obtained data on the normal changes with 
age in the lambs we studied by fitting a linear regression line to all 
the values obtained before thoracotomy (5-24 days of age). We 
then compared, by analysis of covariance, this regression line 
(representing preoperative resting values) to the resting line cal- 
culated from values on the third (Fig. l)  and on the sixth post- 
operative days. This allowed the comparison of the normal se- 
quential changes that occur with advancing age with those that 

Age of Lamb (days) 

Fig. I. Comparison of the changes with age of Os consumption per min 
(VOz), cardiac output (CO), and heart rate (HR) in 15 lambs before (y) 
(*) and on the third day after (y') thoracotomy (0 ---). V02: y = 

-0.307~ + 15.45, y' = -0.254~ + 14.8; CO: y = -6.35~ + 336, y' = -4.20~ 
+ 293; and HR: y = -3.66~ + 226, y' = -3.95~ + 239. The gray area 
represents the 95% confidence limit for the line fitted to preoperative data. 
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Table 1. Cardiovascular variables, oxygen consumption, pH, and blood gas values in resting lambs before and after thoracotomy 
(Group I ) '  

Postthoracotomy (days) 
Pre- 

Number 
Weight (kg) 
Surface area (m2) 
Hb @/dl) 
pH 
Pacoz (torr) 
Paoz (torr) 
0 2  consumption 

(ml/min/m2) 
(ml/min/kg) 

Cardiac output 
(liter/min/mz) 
(ml/min/kg) 

Heart rate (beats/min) 
Mean aortic pressure (mmHg) 
Mean pulmonary arterial pressure 

(mmHg) 

' All values are mean f S.D. 
Preoperative values were only compared to the values on the third posl 
P < 0.05. 

might occur as the result of thoracotomy. We also used Student's 
paired t test to compare variables immediately before thoracotomy 
and on the third postoperative day, and to compare the effects of 
15 min of hypoxia before and after thoracotomy. We used Stu- 
dent's unpaired t test to compare the resting values and the % 
changes after 15 min hypoxia in thoracotomized and nonthora- 
cotomized age-matched lambs. We used a two-way analysis of 
variance with replication to compare the sequential changes dur- 
ing the h of hypoxia in the lambs before and after thoracotomy 
and in the thoracotomized and nonthoracotomized age-matched 
lambs. 

RESULTS 

Pre- andpostthoracotomy resting values in the same lamb. Of the 
15 lambs studied before and after thoracotomy, one died after the 
third postoperative day. Another was killed after the fifth post- 
operative day at the end of an experiment in which radionuclide 
labeled microspheres were used for flow measurements. 

During the first two postoperative days, we found changes in 
most of the variables (Table 1). Only pH and Pacon were un- 
changed. Heart rate (range: -27% to +34%) and aortic pressure 
(range: - 18% to + 13%) changes were inconsistent, either increas- 
ing or decreasing; O2 consumption (range: -28% to +4%) and 
cardiac output (range: -33% to +3%) decreased, particularly on 
the first postoperative day. 

On the third postoperative day (Table l), only hemoglobin 
concentration and Pa02 were statistically different from control. 
Heart rate, pulmonary arterial pressure, cardiac output per m2, 
and O2 consumption per m2 returned to control; cardiac output 
and 0 2  consumption related to body weight were different from 
control but were not different from values corrected for the 
estimated increase of body weight over the 3-day period [calcu- 
lated from the linear regression line obtained with the preoperative 
data (Fig. 1) and indicated by the open circles on Figure 21. 

There was no significant difference in the slope or intercept of 
the linear regression lines obtained from the preoperative or the 
third postoperative day data either for O2 consumption, cardiac 
output, or heart rate (Fig. 1). This indicates that the thoracotomy 
did not affect normal changes of these variables with advancing 
age. 

After the third postoperative day, the values followed the nor- 
mal tendency of change with advancing age (Fig. 2), characterized 
by a fall in cardiac output per kg, 0 2  consumption per kg, heart 

:operative day. 

Pre- I I I 1 I I 

operative 1 2 3 4 6 8 

Days after Thoracotomy 

Fig. 2. Percentage change from preoperative values of resting 0 2  con- 
sumption per min (VOz), cardiac output (CO), and heart rate (HR), 
measured after thoracotomy. The % change was calculated from values 
measured on each postoperative day and compared to the values measured 
before thoracotomy. Values are mean + S.E. N = number of lambs, 0 = 
expected change with age (see text). 

rate and pulmonary arterial pressure, and a slight increase in 
aortic pressure. The linear regression line obtained from the data 
of the sixth postoperative day was not different from the linear 
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Table 2. Responses to hypoxia in four lambs before and on the third day after thoracotomy (Group 11)' 

Before thoracotomy Third postoperative day 

Control Hypoxia Control Hypoxia 

Age (days) 
Weight (kg) 
Surface area (m2) 
Hb (g/dl) 
pH 
Pacoz (torr) 
Paon (torr) 
0 2  consumption 

(ml/min/m2) 
(ml/min/kg) 

Cardiac output 
(liter/min/mz) 
(ml/min/kg) 

Heart rate (beats/min) 
Mean aortic pressure (mmHg) 
Mean pulmonary arterial pressure 

(mmHg\ 

' All values are mean + S.D. The values during hypoxia were measured after 15 min of exposure to FIoz = 0.09. 
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Fig. 3. Hypoxia induced % change from control of heart rate (HR), 
cardiac output (CO), 0 2  consumption (VOp), aortic mean pressure (Ao Pr), 
and pulmonary arterial mean pressure (PA Pr) in the same lambs 3-4 days 
before and on the third day after thoracotomy. Percentage change 
was calculated from values obtained after 15 min hypoxia (Flo:! = 0.09) 
compared with those immediately before hypoxia.~~alues are mean t_ 

S.D. for four lambs. 

regression lines obtained from the preoperative data, and data of 
the third postoperative day for either 0 2  consumption, cardiac 
output, or heart rate. Throughout the 8 days of the experiment, 
cardiac output and 0 2  consumption showed a parallel relationship 
both for the group and for each individual lamb. 

Responses to hypoxia before and after thoracotomy in the same 
lamb. The differences in control values before and after thoracot- 
omy are explained by normal growth (Table 2). The responses to 
hypoxia before and after thoracotomy were similar. None of the 
lambs became acidemic, despite a decrease of about 10% in 0 2  

consumption. Although we did not measure ventilation or respi- 
ratory rates, there were no significant differences in blood gases, 
suggesting that the respiratory responses were similar. The maxi- 
mum increases in heart rate and cardiac output were observed 
during the first 15 min after the onset of hypoxia, and the % 
changes at 15 min hypoxia (Fig. 3) before and after thoracotomy 

were similar for heart rate, cardiac output, O2 consumption, and 
aortic and pulmonary arterial pressures. There also were no 
differences before and after thoracotomy in the values of the same 
five variables measured after 30, 45, and 60 min of hypoxia. 
Indicator dilution curves did not demonstrate significant right-to- 
left or left-to-right shunts in any of the animals. 

Responses to hypoxia in age-matched lambs with or without 
thoracotomy. The control values were similar in the two groups 
(Table 3). As in the above comparison, there were no significant 
differences in the responses to hypoxia. The % changes at the peak 
of the cardiovascular response (15 min hypoxia, Fig. 4) were 
similar for heart rate, cardiac output, 0 2  consumption, and aortic 
and pulmonary arterial pressure. Although 0 2  consumption in 
one of the thoracotomized lambs decreased by 30% and it became 
slightly acidemic, there were no differences for the group in the 
decrease in O1 consumption or in the increase of the other four 
variables after 30, 45, and 60 min hypoxia. No shunting was 
demonstrated by indicator dilution curves. 

DISCUSSION 

Thoracotomy is often necessary to make long-term continuous 
observations of cardiovascular function. To examine these cardio- 
vascular functions during infancy, it is important to know whether 
thoracotomy itself affects the measurements. In adult animals, 
several wk can be allowed for recovery, but this is not possible in 
the neonate if one wishes to examine the rapid changes in cardiac 
output and other cardiovascular variables that normally follow 
birth. 

We made daily measurements of O2 consumption, cardiac 
output, heart rate, aortic and pulmonary arterial pressures, and 
pH and blood gases in lambs following thoracotomy performed 
during the newborn period. We compared the responses to hy- 
poxia on the third postoperative day with those before thoracot- 
omy, and also with responses in age-matched lambs without 
thoracotomy. 

Oxygen consumption, cardiac output, heart rate, and aortic and 
pulmonary arterial pressures returned to preoperative levels by 
the third postoperative day, and then followed the changes ex- 
pected with advancing age. The changes associated with increasing 
age in our studies on unoperated lambs were similar to those 
reported by Lister and associates (6). The small fall in hemoglobin 
concentration probably was due to the lack of adequate replace- 
ment of blood lost during the thoracotomy. Arterial Poz was 
slightly decreased, probably due to some degree of atelectasis or 
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Table 3. Responses to hypoxia in lambs durina the first wk after birth with or without thoracotomy (Group 111)' 

Without thoracotomy Third day after thoracotomy 

Control Hypoxia Control Hypoxia 

N 
Age (days) 
Weight (kg) 
Surface area (m2) 
Hb @/dl) 
pH 
Paco2 (torr) 
Pa02 (torr) 
0 2  consumption 

(ml/rnin/m2) 
(rnl/min/kg) 

Cardiac output 
(liter/min/m2) 
(ml/min/kg) 

Heart rate (beats/rnin) 
Mean aortic pressure (mmHg) 
Mean pulmonary arterial pressure 

IrnmHg) 

I All values are mean k S.D. The values during hypoxia were measured after 15 min of exposure to FIo2 = 0.09. 

I 
HR CO vo2 Ao Pr. PA Pr. 

Fig. 4. Hypoxia induced % change from control of heart rate (HR), 
cardiac output (CO), 0 2  consumption (VOz), aortic mean pressure (Ao Pr), 
and pulmonary arterial mean pressure (PA Pr) in age-matched lambs with 

or without thoracotomy. Percentage change was calculated from 
values obtained after 15 min hypoxia (FIo2 = 0.09) compared with those 
immediately before hypoxia. Values are mean + S.D. for six lambs. 

pleural effusion, but it did not affect arterial oxygen saturation 
significantly. The parallel changes in cardiac output and oxygen 
consumption for each lamb indicated that the arteriovenous dif- 
ference was constant during the 8-day period of study. 

We studied the response to stress in order to assess cardiovas- 
cular reserve after surgery. In studies with thoracotomized lambs, 
Klopfenstein and Rudolph (3) observed that the increases in heart 
rate and cardiac output associated with rapid volume loading by 
intravenous infusion of 20 ml/min/kg-' for 2 min were similar on 
the third, sixth, or ninth postoperative day. In that study there 
was no comparison with responses to volume loading before or 
without thoracotomy that would have allowed for the evaluation 
of the effect of the thoracotomy. Their findings, at least, suggest 
that there was no further recovery from the thoracotomy after the 
third up to the ninth postoperative day. The studies of hypoxia in 
our lambs also suggest that cardiovascular function had recovered 

by the third postoperative day. The similar responses to hypoxia 
before thoracotomy and on the third postoperative day in the 
same lambs are very suggestive of good recovery, unless there was 
an age-related difference in the response to hypoxia that masked 
the changes that might have been caused by the thoracotomy. The 
similar responses to hypoxia in age-matched newborn lambs with 
and without thoracotomy excludes this latter possibility, and 
further shows that when thoracotomy was performed in young 
lambs, there was recovery by the third postoperative day. 

The increase in heart rate and decrease in aortic pressure that 
Woods et al. (8) observed for 2 wk after thoracotomy in newborn 
lambs are difficult to explain. It is possible that, because they 
dissected the region of the ductus arteriosus extensively, the 
changes were secondary to irritation of the sympathetic nerves. 

In this study we did not evaluate indices of myocardial function, 
such as contractility or pressure volume curves. Because of the 
pericardiotomy, there may have been a shift in the diastolic 
pressure-volume relationship (2) that our measurements could not 
detect. Although the values at rest and the response to hypoxia 
(FIo2, 0.09) were normal, it is possible that other kinds of stresses, 
such as pressure loading on the ventricle, would reveal differences 
that did not appear in our study. Nevertheless, we believe that for 
studies of general cardiovascular responses, the preparation we 
have described can be used reliably because it does not disturb 
the basic cardiovascular and respiratory functions beyond the 
third day after surgery. 
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