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ABSTRACT The rate of oxygen uptake of quiescent papillary muscle of the cat 
heart has been determined in a flow respirometer with the use of the oxygen 
electrode. The apparent rate of oxygen uptake as a function of the diameter of 
the muscle was also determined. It  was found that papillary muscles from cat 
hearts use oxygen at a rate of 9.84 (microliters/mg. wet weight)/hour at a tem- 
perature of 35°C. Such muscles can be adequately supplied by diffusion when 
their surface is uniformly exposed to an atmosphere containing 95 per cent oxy- 
gen only if their diameter is 0.64 mm. or less. Papillary muscles from kitten 
hearts use oxygen at a rate of 4.05 (microliters/mg. wet weight)/hour at a tem- 
perature of 35°C. Such muscles can be adequately supplied by diffusion when 
their surface is uniformly exposed to an atmosphere containing 95 per cent 
oxygen only if their diameter is 0.53 mm. or less. If the muscles are small enough 
to be adequately supplied with oxygen by diffusion, the rate of oxygen uptake 
does not increase when the muscle is stretched. 

I N T R O D U C T I O N  

Papi l l a ry  muscles of cat ,  rat ,  and  dog  hear ts  have  been  widely  used in the  
s tudy  of the  p h a r m a c o l o g y  of ca rd iac  muscle and  in the s tudy of the  mechan i -  
cal proper t ies  of card iac  muscle. T h e  pap i l l a ry  muscle has m a n y  advantages  
in such studies because  it approx imates  a strip which  can  be ob ta ined  wi thou t  
cu t t ing  any  par t  of the  muscle except  the end  at  which  it a t taches to the ven-  
t r icu lar  wall. Because so m u c h  work  has been  done  using this p r epa ra t i on  it 
seems essential to de t e rmine  its oxygen  uptake.  In  the  absence of  a knowledge  
of the  oxygen  up take  it is no t  possible to be sure tha t  the  p repa ra t ion  is small  
enough  to be adequa t e ly  suppl ied wi th  oxygen  by  diffusion. T h e  p rob l em is 
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fu r ther  m a d e  i m p o r t a n t  by  the fact tha t  the few in vitro determina t ions  of the  
oxygen up take  of resting cat  papi l la ry  muscle r epor t ed  previously suggest 
tha t  its oxygen up take  is m u c h  lower than  observat ions on the in tact  in situ 
hear t  would  predict .  T h e  s tudy repor ted  here  was in tended  to de t e rmine  the 
oxygen uptake  of  cat  papi l la ry  muscle at rest and  to de te rmine  the m a x i m u m  
d iame te r  which  such a muscle m a y  have  and  still be  adequa t e ly  suppl ied with 
oxygen by  diffusion. 

M E T H O D S  

Preparation of Tissue Adult cats or 6 to 8 week old kittens were anesthetized by 
intravenous injection of nembutal. The  chest was opened immediately and the heart 
removed and placed under a stream of gas composed of 5 per cent CO2 and 95 per 
cent O~. All subsequent dissection was carried out under the stream of gas. This pro- 
cedure assists in maintaining oxygenation of the tissues and also prevents tissue CO2 
from falling rapidly (1, 2). The  left or right ventricular chamber was opened and a 
small papillary muscle or trabecula was selected. A fine thread was tied around each 
end of the muscle and it was then cut free from its attachment or attachments to the 
heart and placed in a bath containing Tyrode's solution. The Tyrode solution used 
had the following composition in millimoles/liter: 

NaC1 137.0 
KC1 2.7 
MgCI~ 0.5 
Na i l  2P04 0.18 
NaHCO3 12.0 
Glucose 5.5 
CaCI~ 2.7 

This solution has a pH of 7.2 at 35°C. when it is in equilibrium with a gas mixture con- 
taining 5 per cent CO2. In many experiments antibiotic was added to prevent bac- 
terial growth. In those experiments each liter of Tyrode's solution contained 80 rag. 
of K penicillin G and 160 rag. of a mixture of dihydrostreptomycin and streptomycin. 
The presence of these antibiotics was found not to alter the rate of oxygen uptake. 
The papillary muscle was usually washed in a bath containing Tyrode's solution in 
equilibrium with 5 per cent of COs and 95 per cent O2 for about 30 minutes before it 
was inserted in the respirometer. This procedure served to wash the tissue free of blood 
and small bits of damaged tissue. 

The Respirometer A plastic chamber similar to that described by Carlson et al. 
(3) and by Cranefield et al. (2) was used. The chamber includes a reservoir filled with 
Tyrode's solution which was equilibrated with a gas mixture containing 95 per cent 
02 and 5 per cent COs. The reservoir ended in a small vertical capillary. This capil- 
lary in turn ended in a glass tube closed by a rubber tube and a small clamp. The 
muscle was placed in the reservoir and the thread attached to one end was drawn 
through the rubber tube which was then clamped. At that point the muscle was still 
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in the reservoir. The oxygen tension of the fluid flowing from the reservoir was de- 
termined and the muscle was then drawn into the capillary by releasing the clamp 
slightly and pulling on the thread. This maneuver could be accomplished without 
marked disturbance of the flow through the capillary. With the muscle in the capillary 
the tube was again firmly clamped. One end of the muscle was thus held in place be- 
cause the thread attached to it was clamped at the bottom of the capillary. The thread 
tied to the other end of the muscle was brought through the top end of the capillary, 
into the reservoir, and straight up to the pin of an RC~-5734 mechanoelectronie 
transducer tube. Recording from the transducer was accomplished with a circuit de- 
scribed elsewhere (4) .  The tension was recorded on a Texas Instrument Recti-riter. 
The  entire transducer assembly was mounted on a pair of micromanipulators. One of 
these micromanipulators made it possible to position the thread and the muscle in the 
center of the capillary. The other moved the transducer vertically so that stretch could 
be applied to the muscle. Tension was recorded in order to detect any spontaneous 
contractions, Such spontaneous contraction was easily seen and occurred infrequently. 
When it occurred the results were discarded from the series since the resting uptake 
was sought. Another capillary, at right angles to the vertical capillary, was used to 
draw solution past the muscle. This capillary also held the oxygen electrode. The 
solution was drawn through the system by a syringe identical with that described 
elsewhere (5). 

A collodion-covered oxygen electrode was used in the usual fashion. Polarizing 
voltages of 0.6 to 0.9 volt were used, the electrodes were calibrated daily, and the 
operating voltage was selected from a point on the plateau of the voltage-current 
curve of the electrode. Calculations of oxygen uptake were made from the measured 
oxygen tension before and after insertion of the muscle and from the known flow rate. 
The flow rate was 1.23 ce./hour. The experimental methods generally closely resembled 
those employed in a previous determination of the oxygen uptake of mammalian 
peripheral nerve (2). 

Control of Temperature The entire respirometer was contained in a large 
insulated box which was maintained at a temperature of 35°C. with the aid of electric 
lights and a fan. The lights were turned off and on by a thermostat which maintained 
the temperature constant to within 0.3°C. The temperature in the insulated box was 
checked by a thermometer from time to time and was also measured continuously 
from a thermistor embedded in the reservoir. The  thermistor was monitored through 
a Tele-Thermometer manufactured by the Yellow Springs Instrument Company. The 
thermostat was a Thermistemp temperature controller also manufactured by the 
Yellow Springs Instrument Company, Yellow Springs, Ohio. 

The Diameter of the Muscle Many experiments employing papillary muscles have 
been carried out in our laboratory. In all those experiments the length, diameter, and 
weight of the muscles were recorded. All those earlier observations were calculated out 
to see whether the diameter which would be predicted by the assumption that the 
muscle was cylindrical was the same as the measured diameter. Actual determinations 
of specific gravity yielded a value of 1.1 which was used in these calculations. It was 
found that the measured and calculated diameters agreed perfectly. In most of the 
experiments reported in the present paper the diameter was not measured but was 
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calculated from the length and weight on the assumption that the muscle was cylindri- 
cal. Our  experience suggests that  such calculated diameters never vary from the 
measured diameter by more than the experimental error measurement which is in- 
volved in measuring diameter directly. Muscles of diameter 0.3 to 0.4 ram. weighed as 
little as 0.2 mg. About 80 per cent of the muscles had lengths between 0.4 and 0.6 mm. 
The heaviest muscle used weighed 26.2 rag. 

Stretch The muscles which were stretched were brought to a length which was 
50 per cent greater than that which they had "a t  rest," i.e., when under no tension. 
The  length at rest and after stretch were measured directly. The  diameter after stretch 
was calculated from the length and weight. This procedure is perhaps subject to a 
slightly greater error than is the calculation of diameter from the length and weight at 
rest. Tha t  is so because any irregularity in diameter might be exaggerated by stretch. 
Muscles which were stretched and examined under a microscope did sometimes show 
some slight departure from perfect cylindricity but there is no simple way to allow for 
that mathematically. 

Determination of Wet and Dry Weight The muscle was removed from the respir- 
ometer and dried lightly with filter paper. The  wet weight was then determined. Dry 
weights were determined by drying the muscle to constant weight in an oven. This 
usually required about 12 hours. The over-all average wet weight to dry weight ratio 
was found to be 4.0. 

Calculation of the Critical Diameter The familiar equation (6) for diffusion in a 
cylinder, U = C -  (a/4D) (R ~ --r2), where 

U 
C = 
a 

D =  
R -- 
r 

oxygen concentration at r 
oxygen concentration at the surface of the muscle 
rate of oxygen uptake of the muscle 
the diffusion coefficient 
radius of the muscle 
distance from the center of the muscle 

may  be used to determine the critical radius for adequate oxygenation by diffusion 
provided that the value of a, the rate of oxygen uptake, is known. In  determining the 
critical radius U and r are set equal to zero and the equation reduces to R = (4DC/a) ½. 
The diffusion coefficient of Krogh (7) was used. In  accordance with Krogh's  pro- 
cedure an increase of 1 per cent for each degree was allowed in correcting the value 
for 35°C. The value actually used was 5.175 X 10-4 cm?/min . ;  in calculations of 
critical diameter it was therefore necessary to express a in (microliters O~/ml. tissue)/ 
min. and C in microliters of O~/ml. of solution. 

RESULTS 

Apparent Oxygen Uptake As a Function of Diameter 

T h e r e  is no  w a y  in which  the  cr i t ical  d i a m e t e r  for a d e q u a t e  oxygena t ion  of the  
musc le  b y  diffusion can  be ca lcu la ted  unless the  t rue  r a t e  of  oxygen  u p t a k e  
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is known. I t  was therefore necessary to determine the oxygen uptake of a 
series of muscles of various diameters. The  results of that study are shown in 
Fig. 1. The  muscle diameters were collected in groups covering a range of 
0.1 rnm. and the corresponding apparent  oxygen uptake is shown above the 
mean diameter  of the group. Thus, e.g., the muscles whose diameters ranged 
from 0.9 to 1.0 mm. were grouped and the apparent  oxygen uptake was 
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Fmu~ 1. Apparent rate of oxygen uptake of quiescent, unstretched papillary muscles 
of different diameters. Oxygen uptake is shown in (microliters/mg. wet weight) /hour. 
Each point shows the uptake of a single papillary muscle. The diameters are combined 
into groups with a range of 0.1 ram. and the oxygen uptakes are plotted above diameters 
which represent the midpoint of each diameter group. The papillary muscles were taken 
from the hearts of adult cats. The uptakes were determined at 35°C. 

plotted at a diameter  of 0.95 mm. The  diameters are in some cases measured 
diameters and in most cases calculated diameters (see Methods).  Each point 
in Fig. 1 represents the rate of oxygen uptake of an individual muscle. In  Fig. 3 
the average values of oxygen uptake for each diameter  group are shown. The  
oxygen uptake is referred to as apparent  oxygen uptake to emphasize the 
fact that diffusion limitation, if present, will cause the oxygen uptake per gram 
of tissue to appear  to be lower than the true oxygen uptake (5). In general 
the apparent  oxygen uptake is greater when the muscle is smaller. There  is a 
deceptive plateau in the curve in the range of diameters from 1.15 to 1.45 
ram. ; had no smaller muscles been studied the conclusion might have been 
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drawn that  the rate of uptake is 0,9 (microliter/mg. wet weight) /hour  or 3.6 
(microliters/mg. dry weight) /hour  and that a muscle of diameter 1.15 to 
1.35 ram. is small enough to be supplied with oxygen by diffusion. At least 
two published studies have drawn that  conclusion (8, 9). When smaller 
muscles are studied it becomes obvious that such a conclusion is unwarranted. 
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Fmu~ 2. Apparent rate of oxygen uptake of quiescent papillary muscles stretched to a 
length 50 per cent greater than their rest length. Oxygen uptake is shown in (microliters/ 
rag. wet weight)/hour. Each point shows the uptake of a single papillary muscle. The 
diameters are the diameters after stretch; they are combined into groups with a range of 
0.1 ram. and the oxygen uptakes are plotted above diameters which represent the mid- 
point of each diameter group. The papillary muscles were taken from the hearts of 
adult cats. The uptakes were determined at 35°C. 

The smaller muscles have a much higher apparent uptake than do the larger 
ones. Whether even the smallest muscles measured are small enough to be 
adequately supplied by diffusion is considered in the Discussion. The values 
of the rate of oxygen uptake observed by us were stable for several hours and 
were reproducible when the muscle was removed from the respirometer and 
later replaced in it. Even the very large muscles which are clearly inade- 
quately supplied with oxygen by diffusion show a steady and reproducible 
apparent rate of oxygen uptake. Our  conclusion, which is discussed further 
below, is that the true rate of uptake of oxygen by resting cat papillary muscle 
is 2.84 (microliters/mg. wet weight) /hour  at a temperature of 35°C. 



CRANEFIELD AND GRE~NSPAN Oxygen Uptake of Cardiac Muscle a4[ 

The Effect of Stretch on Apparent Oxygen Uptake 

I f  muscles of large d i ame te r  show a low a p p a r e n t  oxygen  up take  it migh t  be  
supposed tha t  the  increase in length  or the r educ t ion  of d i ame te r  which  re-  
suits f rom st re tching the muscle  would  increase the  a p p a r e n t  resting up take  
s imply by  permi t t ing  a larger  a m o u n t  of respir ing tissue to be suppl ied by  
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F m u ~  3. Apparent oxygen uptake, in (microliters/mg. wet weight) / hour, of quiescent 
unstretched papillary muscles ( O O) and of quiescent papillary muscles stretched to 
a length 50 per cent greater than their rest length (X X). Diameters are combined 
into groups with a range of 0.1 ram. and the average oxygen uptake for each diameter 
range is plotted above the diameter which represents the midpoint of the diameter 
range of the group. The oxygen uptake of the unstretched muscles is plotted above the 
diameter of the unstretched muscle; the oxygen uptake after stretch is plotted above the 
diameter after stretch. Not all muscles were stretched and there are thus more muscles 
represented in the averages of the unstretched groups than in the averages of the stretched 
groups. The papillary muscles were taken from the hearts of adult cats. The uptakes 
were determined at 35°C. 

diffusion. I t  also migh t  be tha t  s t retch per se increases rest ing oxygen  uptal~e. 
T h e  results of app ly ing  enough  s t re tch to increase the muscle length  by  50 per  
cen t  (and  therefore  to decrease the muscle d i ame te r  by  abou t  20 per  cent)  are  
shown in Figs. 2 and  3 and  in T a b l e  I. Fig. 2 s imply presents the  actual  ob-  
served values of the ra te  of oxygen  up take  of s t re tched muscles. In  Fig. 2 the  
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muscles  a re  c o m b i n e d  in to  g roups ,  e a c h  g r o u p  c o r r e s p o n d i n g  to  a r a n g e  o f  

d i a m e t e r s  o f  0. I m m .  T h e  va lues  o f  the  r a t e  o f  o x y g e n  u p t a k e  a re  p lo t t e d  

a b o v e  t he  m i d p o i n t  o f  the  d i a m e t e r  r a n g e  o f  e a c h  g r o u p .  I t  c a n  be  seen t h a t  

in  r ange ,  scat ter ,  a n d  va lues  o f  o x y g e n  u p t a k e  Fig.  2 is v e r y  s imi la r  to  Fig.  1 

T A B L E  I 

ACTUAL AND CRITICAL DIAMETER AND OXYGEN UPTAKE OF 
PAPILLARY MUSCLES BEFORE AND AFTER STRETCH* 

Diameter, Critical diameter, Diameter after Critical diameter 
No. of mu~es  unstretchcd umtretched stretch after stretch 

Rate of oxygen uptake 

B~ore stretch After stretch 

6 0.45 0.615 0.37 0.62 2.90 2.90 
(0.42--0.48) (0.60-0.63) (0.34-0.39) (0.60--0.63) (2.18-3.25) (2.18-3.25) 

2 0.545 0.615 0.44 0.605 2.32 2.32 
(0.50--0.59) (0.60-0.61) (0.41-0.48) (0.60-0.61) (1.76-2.88) (1.76-2.88) 

6 0.65 0.60 0.53 0.59 2.23 2.84 
(0.61-0.68) (0.58-0.61) (0.50--0.55) (0.58-0.60) (1.58--2.82) (1.80-3.70) 

4 0.74 0.58 0.61 0.56 1.84 2.68 
(0.71-0.76) (0.56-0.60) (0.58--0.62) (0.55-0.58) (1.61-2.26) (2.42-3.22) 

1 0.86 0.56 0.71 0.55 1.71 1.88 
5 0.93 0.56 0.75 0.54 1.64 1.98 

(0.91-0.96) (0.52-0.59) (0.72-0.78) (0.48-0.58) (1.18-1.94) (1.46-2.20) 
2 1.025 0.565 0.85 0.555 1.45 1.72 

(1.02-1.03) (0.55-0.58) (0.83-0.87) (0.55--0.56) (1.42-1.49) (1.61-1.82) 
3 1.17 0.57 0.95 0.54 0.89 1.36 

(1.15-1.19) (0.54-0.60) (0.94-0.96) (0.49-0.58) (0.66-1.10) (0.99-1.57) 
5 1.25 0.57 1.02 0.53 1.03 1.44 

(1.23-1.29) (0.52-0.59) (1.00-1.05) (0.46-0.56) (0.86-1.28) (1.05-I .91) 
2 1.34 0.48 1.10 0.44 1.02 1.23 

(1.33-1.36) (0.41-0.55) (1.08-1.11) (0.35-0.53) (0.92-1.12) (1.20-1.26) 
2 1.45 0.58 1.15 0.54 0.79 1.23 

(1.42-1.48) (0.57-0.59) (1.10-1.21) (0.53-0.55) (0.77-0.81) (1.13-1.32) 
1 1.52 0.52 1.24 0.40 0.77 1.43 
1 1.83 0.57 1.50 0.56 0.30 0.40 
1 2.25 0.57 1.84 0.32 0.63 0.81 

* All values for diameter and critical diameter are given in millimeters; rate of oxygen uptake is given in (micro- 
liters/mg, wet weight)/hour; when there are two or more muscles in a group the average and the range of the 
values in the group are given. The critical diameters given are the critical diameters for adequate supply from 
a solution containing the amount of oxygen actually present in the effluent; this is discussed in the text. 

w h i c h  shows the  s a m e  i n f o r m a t i o n  for  u n s t r e t c h e d  muscles.  I n  Fig.  3 the  

a v e r a g e  r a t e  o f  o x y g e n  u p t a k e  is s h o w n  for  s t r e t ched  a n d  u n s t r e t c h e d  muscles.  

T h e  ave rages  for  the  u n s t r e t c h e d  muscles  a re  the  ave rages  o f  all m e a s u r e m e n t s  
m a d e  on  u n s t r e t c h e d  muscles  a n d  the re fo re  i nc lude  the  up t a kes  o f  s o m e  

musc les  w h i c h  w e r e  n o t  s u b s e q u e n t l y  s t re tched .  I t  c a n  be  seen t h a t  the  two  
curves  a re  s imi lar  in s h a p e  a n d  cross one  a n o t h e r  m o r e  o r  less a t  r a n d o m .  T h e  

o n l y  p l a c e  w h e r e  the  r a t e  o f  o x y g e n  u p t a k e  o f  the  s t r e t ched  muscles  seems to  
be  m a r k e d l y  a n d  s ign i f ican t ly  h i g h e r  t h a n  t h a t  o f  the  u n s t r e t c h e d  musc les  is 
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in the diameter range 0.5 to 0.7 mm. The probable significance of this find- 
ing is taken up in the section on critical diameter. The values shown in Figs. 2 
and 3 suggest that  stretch does not uniformly or markedly increase the rate of 
oxygen uptake of papillary muscles. 

The  effect of stretch on the rate of oxygen uptake can be evaluated more 
critically from the information in Table I. Since the discussion of Table I in- 
volves a consideration of the critical diameter it is discussed in the section on 
critical diameter. I t  may  be pointed out here that  no group of muscles, when 
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FzGum~ 4. The apparent oxygen uptake, in (microliters/mg. wet weight) /hour, of 
quiescent papillary muscles from kitten hearts (X X) and from cat hearts 
( O . ©). Diameters are combined into groups with a range of 0.1 mm. and the average 
oxygen uptake for each diameter range is plotted above the diameter which represents 
the midpoint of the diameter range of the group. The uptakes were measured at 35°C. 

stretched, attained a rate of oxygen uptake significantly higher than that  of 
unstretched muscles of the smallest diameter studied, namely 2.84 (micro- 
liters/rng, wet weight)/hour.  

The Oxygen Uptake in Young Animals 

In an at tempt to obtain extremely fine papillary muscles a series of experi- 
ments were carried out on kittens which were 6 to 8 weeks old. I t  became ap- 
parent  that  the results could not be averaged in with the studies on cats be- 
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cause the uptake is much  higher. Fig. 4 shows the apparent  oxygen uptake of 
papillary muscles from kitten hearts as a function of diameter;  for comparison, 
it also shows the uptake of papillary muscles from cat hearts. It  can be seen 
that the papillary muscles from kitten hearts show a much higher rate of up- 
take in the range of diameters where the muscles are presumably small enough 
to be supplied by diffusion. The  muscles from kitten hearts had the same dis- 
tribution of weights and were about the same length as those from cat hearts. 
The muscles from kitten hearts also show the deceptive plateau at large di- 
ameters which was mentioned above. The  rate of oxygen uptake by sufficiently 
thin papillary muscles from kitten hearts is 4.05 (microliters/mg. wet weight) /  
hour at a temperature of 35°C. 

The Critical Diameter for Adequate Diffusion of Oxygen 

The calculation of the maximum diameter which a cylindrical piece of 
metabolizing tissue may have and still be adequately supplied with oxygen by 
diffusion cannot be made unless the rate of oxygen uptake is known. If  an 
unduly low rate of uptake is used in the calculation, an unduly large critical 
diameter will be obtained. For example, if the apparent  rate of uptake shown 
by muscles in the diameter range 1.15 to 1.45 mm. were used, namely 0.9 
(microliters/mg. wet weight) /hour,  the result is obtained that a muscle ex- 
posed over its entire surface to an oxygen tension of 95 per cent of atmospheric 
pressure will be adequately supplied by diffusion if its diameter is less than 
1.13 mm. Such a result is clearly incorrect since smaller muscles are seen to 
take up far more oxygen. In our experiments a clear plateau in the low diam- 
eter range was not obtained. Apparent  oxygen uptake increased with decreas- 
ing diameter up to the smallest diameters used. In calculating a critical 
diameter we have used the highest apparent  oxygen uptake observed by us, 
that of muscles of a diameter of 0.45 mm., 2.84 (microliters/mg. wet weight) /  
hour. Muscles of that diameter, when stretched did not show an increase in 
apparent  oxygen uptake, whereas muscles of larger diameter did. No group 
of muscles, even when stretched, showed an uptake greater than 9_.84 (micro- 
liters/rag, wet weight) /hour.  Finally, papillary muscles from kitten hearts 
show much higher apparent  uptake at diameters of 0.75 ram.. than do those 
of cat hearts. This suggests that metabolic rate rather than diffusion limitation 
is responsible for the difference and in turn suggests that the smaller muscles 
were in fact small enough to be supplied by diffusion. For the reservations 
which must be attached to this argument,  see the Discussion. If the value for 
uptake which is seen at a diameter of 0.45 mm. is used, it is found that a 
muscle exposed to 95 per cent oxygen over its entire surface will be adequately 
supplied by diffusion only if its diameter is 0.64 mm. or less. The critical di- 
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ameter corresponding to the oxygen uptake of the papillary muscle from 
kitten hearts is 0.53 mm. 

It is further true that in our experimental situation the muscle is not uni- 
formly exposed to a surface oxygen tension corresponding to 95 per cent of 
atmospheric pressure. As the bathing solution is drawn past the muscle it 
gives up oxygen to the muscle. The end of the muscle farthest from the reser- 
voir will be supplied with oxygen at its core only if its diameter is small 
enough to permit diffusion from a medium containing the observed oxygen 
tension of the effluent; i.e., the actual value measured by the oxygen elec- 
trode. It is possible to calculate the critical diameter for the actual experi- 
mental conditions and if this is done for unstretched and stretched muscles, 
further interesting results emerge. Table I shows average values by 0.1 mm. 
diameter groups for initial diameter, the critical diameter for adequate dif- 
fusion supply by the actual effluent oxygen tension, the diameter after stretch, 
the critical diameter for adequate diffusion supply after stretch, and the appar- 
ent rate of oxygen uptake before and after stretch. It should be noted that the 
critical diameter for adequate supply after stretch differs from that before 
stretch because stretch causes the apparent oxygen uptake to increase and the 
tension of oxygen in the effluent falls. The critical diameters are calculated 
using a rate of oxygen uptake of 2.84 (microliters/mg. wet weight) /hour. 

It can be seen from Table I that two groups of muscles showed no increase 
in apparent uptake when stretched, the groups with initial diameters of 0.4 to 
0.5 mm. and 0.5 to 0.6 mm. The average rate of uptake did not change and 
in fact each individual muscle showed exactly the same rate of uptake before 
and after stretch. Those groups are the only two groups the diameter of which 
before stretch was less than the critical diameter for adequate oxygen supply 
for diffusion from a solution containing the amount of oxygen actually ob- 
served in the effluent. All fibers of larger diameter were larger than the criti- 
cal diameter for adequate diffusion and they all showed an increase in appar- 
ent oxygen uptake when stretched. 

The table further reveals that the muscles which showed the largest in- 
crease in apparent uptake when stretched, namely those in the initial diameter 
ranges 0.6 to 0.7 m m . ,  are the only muscles which upon stretch attained a 
diameter less than the critical diameter appropriate to the new effluent oxy- 
gen tension. Those muscles, after stretch, attained a rate of oxygen uptake 
of 2.84 (microliters/mg. wet weight) /hour ; i.e., a rate equal to that of the 
smallest unstretched muscles. The muscles in the initial diameter range 0.7 to 
0.8 mm. increased their rate of oxygen uptake markedly to 2.68 (microliters/ 
mg. wet weight) /hour when stretched. Those muscles, after stretch, were al- 
most small enough to be adequately supplied with oxygen by diffusion. All 
larger muscles, even when stretched, were much too thick to be adequately 
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supplied with oxygen by diffusion and they did not, when stretched, increase 
their rate of oxygen uptake enough to even approach the rate shown by those 
muscles which were small enough to be supplied by diffusion. These results, 
taken with those mentioned in the section on stretch, have led us to conclude 
that stretch has little or no effect on the rate of oxygen uptake except in so far 
as it causes a muscle to become longer and thinner and thus to approach the 
diameter at which it may  be adequately supplied by diffusion. The effect of 
the change in length as such is considered in the Discussion. We must qualify 
this statement by saying that it would be desirable to conduct more experi- 
ments on stretch using very thin papillary muscles. It is unfortunately very 
difficult to find papillary muscles less than 0.64 mm. in diameter. 

D I S C U S S I O N  

The rate of oxygen uptake found in this study of cat papillary muscle is sig- 
nificantly higher than values reported previously (8, 9). As a result the critical 
diameter proves to be much smaller than the value of 1.2 mm. reported 
previously (8). A critical diameter of 1.2 ram. for a muscle exposed uniformly 
to 95 per cent 02 corresponds to an apparent oxygen uptake of 0.9 (micro- 
liters/rag, wet weight)/hour,  the value seen in the deceptive plateau men- 
tioned above. The  only question which seems to arise concerning the value 
of the oxygen uptake is whether it may  be even higher than we have found. 
No clear plateau was found in the small diameter end of the diameter-uptake 
curve and it is possible that somewhat smaller fiber bundles might have 
shown even larger rates of uptake. However, the fact that the smallest muscles 
studied showed an uptake which did not  increase when the muscle was 
stretched suggests that the true uptake was determined. The  same conclusion 
is reached by observing that those muscles which showed a marked increase 
in uptake upon stretch nevertheless did not show an uptake greater than that 
shown by the smallest unstretched muscles. 

Our  value of 2.84 (microliters/mg. wet weight) /hour  represents an uptake 
of 11.32 (mieroliters/mg dry weight) /hour  since our wet weight to dry  weight 
ratio was 4.0. This value is very close to the value of 12.8 (microliters/mg. dry 
weight) /hour  obtained on slices of rat  ventricle by Pearson et al. (10). The 
same authors found that the tissue slice thickness which was optimal for maxi- 
m u m  oxygen uptake was 0.5 mm. Whalen (9) reported an uptake of 7.7 

(microliters/mg. wet weight) /hour  in studies on rat atria; he reported low 
values for cat papillary muscle but he accepted a value of 1.2 mm. as the 
critical diameter. Whalen in fact states "Two muscles which approached the 
limiting thickness were eliminated from consideration because they showed a 
decrease in contraction strength greater than 50°~v. '' Our  values may also be 



CRANEFmLD AND C-REENSPAN Oxygen Uptake of Cardiac Muscle 247 

compared with values obtained on intact in situ hearts. Such a comparison 
cannot  be direct since most studies of the rate of oxygen uptake of the intact 
in situ heart  were conducted on beating hearts. McKeever  et al. (11) report an 
uptake in the intact normally beating heart  of the dog of 8 to 10 (cc./100 
gm. ) /minu te  which is about the same as the value given by Bing et al. (12, 
13). An uptake of 9 (cc./100 gm.) / rninute  is 5.4 (microliters/mg. wet weight) /  
hour or about 22 (microliters/mg. dry  weight) /hour.  Lorber's data  (14) have 
been shown by Whaien (9) to indicate that  the weakly contracting cat hear t  
has an uptake of about 15 (microliters/mg. dry weight) /hour.  Katz et al. 

(15) found that the apparent  rate of oxygen uptake of contracting dog heart  
is sensitive to the level of arterial oxygen tension. They  found values as high 
as 20 (microliters/mg. wet weight) /hour ,  by far the highest values reported 
in the literature. We have not studied the effect of contraction on the rate of 
uptake. In  a single experiment in which spontaneous contraction occurred at 
a rate of 55 per minute for only 2 minutes the rate of uptake rose to 3.58 
(microliters/mg. wet weight) /hour.  In  general therefore we feel that the high 
level of oxygen uptake which we note in the resting cat papillary muscle 
accords well with various in vitro studies on rat  ventricle and rat atr ium and 
with various studies on the beating mammal ian  heart  in situ. 

The finding of a higher value of oxygen uptake in the papillary muscle of 
kitten hearts is not wholly unexpected. Various authors have found that the 
tissues of young animals have a higher rate of uptake than do the tissues of 
older animals. One of us (P.F.C.) has made a similar observation on rat periph- 
eral nerve. 

The  results of stretching the muscles are interesting in that  they support our 
general belief that most previous studies have been carried out on muscles the 
diameter of which was too great to permit adequate supply of oxygen by 
diffusion. It is further interesting to note that we did not obtain any evidence 
to support the belief that stretch per se acts to increase the rate of oxygen up- 
take in cat papillary muscle. We do not regard the present study as definitely 
showing that  stretch does not increase uptake but we feel fairly sure that it 
does not have a marked effect and that most of the reports that  it has are 
based upon experiments on muscles which were brought closer to the critical 
diameter by being stretched and which increased their uptake for that reason. 

A consideration of the diffusion equation for the cylinder is in order at this 
point. If U = C -- ( a / 4 D )  (R  ~ --  r2), where the symbols have the meaning 
given in the section on method, and if the whole muscle is uniformly exposed 
at its surface to an oxygen tension which is too low to permit adequate supply 
of the muscle by diffusion, oxygen tension will fall to zero at some distance 
from the center of the muscle which we may  designate r~. Then  U -- 0 at 
r = r~ and we may  solve the equation for r~ obtaining the result r~ -- 
(R  ~ --  4 D C / a )  ~. The total uptake of the whole muscle will be 
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(a) (~r) (l) (R'  --  r~) = 4 lDC.  

In  other words when there is an anoxic core throughout the length of the 
muscle the total uptake depends only on the external oxygen concentration 
and on the length of the muscle. If the weight of the muscle is constant, as it is 
when diameter is changed by means of stretch it will be seen that the apparent  
rate of oxygen uptake can increase in two ways. If the muscle has an anoxic 
core throughout its length and if by stretch the diameter is reduced enough so 
that the anoxic core entirely disappears, then the increase in uptake may  be 
attributed to the reduction in diameter. If, however, the muscle has an anoxic 
core throughout its length both before and after stretch, the formula shows 
that the increase in uptake should be proportional to the increase in length. It  
can be seen from Table I that we have results of both kinds. 

The finding that the critical diameter for a cylinder of cardiac muscle uni- 
formly exposed to 95 per cent O3 to be adequately supplied with oxygen by 
diffusion is only 0.64 ram. is extremely important. It  is not easy to find papil- 
lary muscles which are that small and it seems likely that many  of the studies 
which have been made on the pharmacology and on the mechanical proper- 
ties of papillary muscle have been conducted on muscles with an anoxic core. 
It should be emphasized that our studies were made on quiescent muscle and 
that the rate of oxygen uptake of contracting cardiac must be higher than the 
value we found for resting muscle. If  it is only twice as high, then the maximum 
diameter permissible for studies on contracting muscle would be about 0.45 
ram. The critical diameter for an ambient oxygen tension of 20 per cent of 
atmospheric at a rate of uptake of twice that which we found at rest is less 
than 0.2 ram. It is thus evident that the normally beating and working heart  
is in need of an extremely rich capillary supply and a very high blood flow, 
both of which it in fact has. It is moreover true that the oxygen concentration 
of venous blood returning from ventricular myocardium is much lower than 
the oxygen concentration of mixed venous blood. All these observations sup- 
port the finding that the uptake of oxygen by the quiescent papillary muscle 
is high. The  finding that quiescent papillary muscle uniformly exposed to 95 
per cent 02 cannot be adequately supplied with oxygen by diffusion unless its 
diameter is less than 0.64 mm. and that contracting papillary muscle probably 
cannot be adequately supplied unless its diameter is less than 0.45 ram. goes 
far to explain many other observations. It  is not surprising that the papillary 
muscle preparation in vitro is extremely variable in its response and in its 
viability. Nor is it surprising that many  of the highest oxygen uptake rates 
which have been obtained during in vitro studies have been found in studies on 
atrial tissue which is thin and highly trabeculated. It seems likely that the 
whole heart  perfused in vitro may frequently be anoxic even when perfused 
with oxygenated blood unless every possible precaution is used to assure full 
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patency of the capillary bed and a coronary flow rate at least as great as that  
of the in situ heart. 

It  is evident that studies in which uptake was determined to be low and in 
which that low uptake was then used to calculate a critical diameter are 
fallacious. It  is difficult to attach any meaning to the determination of changes 
of the rate of uptake as the result of activity or as the result of the action of 
drugs if the muscle is too large to be supplied by diffusion. If the muscle di- 
ameter  exceeds the critical diameter some unknown portion of the center of 
the muscle will be anoxic. Any change in the rate of oxygen uptake in the 
part  of the muscle which is supplied by diffusion will result in an unknown 
change in the size of the anoxic core. It  might be claimed that the finding of 
an increase or decrease in apparent  uptake is meaningful even if the muscle 
has an anoxic core. But if the presence of an anoxic core affects the metabolic 
state of the non-anoxic part, as it well might through the release of various 
metabolites, then a change in the size of the anoxic core would alter the re- 
sponse of the non-anoxic part  in an unpredictable manner.  

B I B L I O G R A P H Y  

1. MONNmR, A. M., Cold Spring Harbor Symp. Quant. Biol., 1952, 17, 69. 
2. CR~'~.FmLX~, P. F., BRINK, F., and BRONK, D. W., J. Neurochem., 1957, 1,254. 
3. CARLSON, F. D., BRINK, F., and BRONK, D. W., Rev. Scient. Instr., 1950, 21,923. 
4. Ross, S. M., Rev. Scient. Instr., 1958, 29,319. 
5. LARRABP.~., M. G., J. Neurochem., 1958, 2,81. 
6. HSBER, R., Physical Chemistry of Cells and Tissues, Philadelphia, The Blakiston 

Company, 1945. 
7. K~oo~, A., Comparative Physiology of Respiratory Functions, Philadelphia, 

University of Pennsylvania Press, 1941. 
8. LEE, K. S., J. Pharmacol. and Exp. Therap., 1953, 109,304. 
9. WHALEN, W. J., Circulation Research, 1957, 5,556. 

10. PEARSON, O. H., HASTmOS, A. B., and BUNTmO, H., Am. J. Physiol., 1949, 158, 
251. 

11. MCKEEVER, W. P., G ~ a o ,  D. E., and CANN~.Y, P. C., Circulation Research, 1958, 
6,612. 

12. BraG, R. J., HAMMOND, M. M., HANDELSMAN, J. C., POWERS, S. R., SPENCER, F. 
C., ECX~NHOFF, J. E., GOODALE, W. T., HAFENSCHmL, J. H., and KETy, S. S., 
Am. Heart J., 1949, 38, 1. 

13. BraG, R. J., MARAIST, F. M., DAMMAN, J. F., DRAPER, A., I-~l~m~.cr, aZR, R., 
DALLY, R., GERARD, R., and CALAZEL, P., Circulation, 1950, 2,513. 

14. LORBER, V., Circulation Research, 1953, 1,293. 
15. KATZ, L. N., KATZ, A. M., and WILLIAMS, F. L., Am. J. Physiol., 1955, 181,539. 


