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Abstract 

(1) The validity of using the arterio-venous concentration difference of methionine to calculate 
mammary blood flow in the ewe, on the basis of the Fick principle, is discussed. 

(2) Calculation of mammary blood flow in the lactating Merino ewe indicated that blood flow 
per unit weight of tissue and the ratio of blood flow: milk yield were approximately twice that found 
in the lactating cow and goat. 

(3) Calculated mammary blood flow in Merino ewes was used in conjunction with glucose 
arterio-venous difference to determine mammary glucose uptake. Glucose uptake per unit weight 
of tissue in the ewe was almost double that found in the cow and goat. The ratio of mammary 
glucose uptake to lactose output was also higher in the ewe than that found in the cow and goat. 
The utilization of glucose by the mammary gland of the ewe is discussed in relation to the possible 
greater requirement for NADPH and glycerol for milk fat synthesis in this species. 

Introduction 

A number of methods have been developed for the determination of mammary 
blood flow in ruminants, namely continuous thermodilution, electromagnetic 
flowmeter, antipyrine absorption and nitrous oxide diffusion. Of these the continuous 
thermodilution method has been shown to be the most accurate (Reynolds et al. 
1968). However, the complexity and cost of the equipment used and the surgical 
preparation and training of animals required for the thermodilution method are 
not attractive to the investigator wishing to make only occasional determinations of 
mammary blood flow. 

Linzell (1974) suggested that the arterio-venous (A V) concentration difference 
of certain essential amino acids could be used to calculate mammary blood flow 
on the basis of the Fick principle. Previously the A V difference of glucose (Lintzel 
1934) and calcium (Linzell 1960) has been used to estimate mammary blood flow 
on this basis. However, the mammary extraction (A V difference as a percentage of 
arterial concentration) of calcium is extremely low (c. 2·8 %) making the error of 
A V difference determination correspondingly high. On the other hand, glucose, 
while having a higher extraction (25-30 %), is not transferred entirely to lactose 
from blood plasma, but also enters into oxidative pathways in the mammary cells 
and contributes carbon for glycerol and amino acid synthesis (see Mepham 1971; 
Linzell 1974). 

The present paper discusses the validity of using methionine A V difference to 
estimate mammary blood flow in the lactating ewe and the application of such 
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data to the measurement of mammary glucose uptake. Mammary blood flow has 
not previously been measured during full lactation in sheep although flow rates 
determined with the use of an electromagnetic flowmeter immediately post par tum 
have been reported (Burd et al. 1976). 

Methods 

Analytical Methods and Experimental Procedures 

Plasma glucose was assayed by a glucose oxidase method (Beckman Glucose Analyser, Beckman 
Instruments, California, U.S.A.). All other methods and procedures were as described by Davis et al. 
(1978). 

Calculation of Mammary Blood Flow 

On the basis of the Fick principle mammary blood flow may be calculated from the following 
equation: 

CPM 10 
F= --x-- , 

(A- V) (lOO-HCT) 

where F is mammary blood flow (litres per hour), C is the methionine content of milk protein 
(g/100 g protein), P is the milk content (g/100 g milk) of mammary synthesized proteins [86% of total 
milk protein (Kataoka and Nakae 1972)], M is milk yield (ml/h), HCT is haematocrit (%), and 
A - V is the arterio-venous concentration difference of methionine (Ilg/ml plasma). 

Validity of Calculation 

The use of amino acid A V difference in conjunction with the Fick principle for the accurate 
estimation of mammary blood flow necessitates quantitative definition of the relationship between 
A V difference and the rate of secretion of the amino acid in question. The extent of utilization of 
many amino acids for milk protein synthesis is difficult to assess because of their synthesis (non
essential amino acids) or catabolism (certain essential and non-essential amino acids) in the mammary 
gland (see Mepham 1971, 1976). 

However, in ruminants it would appear that five of the essential amino acids (methionine, 
phenylalanine, tyrosine, histidine and threonine) are transferred from plasma to milk without 
undergoing appreciable catabolism (Kellaway et al. 1974; Clark 1975; Mepham 1976; Davis et al. 
1978) and are thus suitable, collectively or individually, for use in the calculation of mammary 
blood flow. 

The accuracy of determination of A V difference increases with increasing mammary extraction. 
Of the group cited above, methionine usually has the highest extraction in ruminants, consistently 
so in the ewe [> 70% (Davis et al. 1978)]. Perfusion of the isolated udder of sheep with [35S]methionine 
in the perfusate has substantiated the view that the methionine is transferred from blood plasma to 
milk without undergoing appreciable catabolism (Verbeke et al. 1967). Thus methionine was chosen 
for the routine calculation of mammary blood flow. 

Blood samples must be taken under 'steady-state' conditions for the accurate determination of 
AV differences (see Zierler 1961; Mepham and Linze1l1974). By placing the lamb in close proximity 
to its mother and by using teat catheters for milk removal, disturbance of the ewe can be kept to 
a minimum (Davis et al. 1978). Inaccuracies may also arise from failure to ensure that a sample 
of pure mammary venous blood is obtained. Procedures for sampling mammary venous blood in 
the ewe and the nature of mammary venous drainage in ruminants have been discussed elsewhere 
(Linze1l1974; Davis et al. 1978). 

Determination of methionine output in milk includes the secretion of methionine in proteins 
which are derived directly from blood plasma. Ovine milk protein contains up to 14 % serum albumin 
and immunoglobulins (Kataoka and Nakae 1972) neither of which are synthesized in the mammary 
gland (see Mepham 1971). As the amino acid composition of these proteins is similar to that of 
mammary synthesized milk protein (Kataoka and Nakae 1972) correction for errors arising from 
this source may be made on the basis of total protein content. 



a:: ~ 8 8 ~ .... '<
 a 8"
 

(
)
 

0 

T
ab

le
 1

. 
M

am
m

ar
y 

bl
oo

d 
flo

w
 a

nd
 g

lu
co

se
 u

pt
ak

e 
in

 l
ac

ta
ti

ng
 M

er
in

o 
ew

es
 

In
 

(1
) e 

B
lo

od
 f

lo
w

 
G

lu
co

se
 u

pt
ak

e 
'"S

. 
E

xp
t.

 
M

et
hi

on
in

e 
M

il
k 

M
ea

n 
C

al
c.

 
P

la
sm

a 
G

lu
co

se
 

G
lu

co
se

 
~
 

;.
;"

 

N
O

.A
 

A
V

 d
if

f. 
pr

ot
ei

n 
ha

em
at

o-
M

il
k 

yi
el

dC
 

gl
uc

os
e 

ex
tr

ac
t-

up
ta

ke
 

L
ac

to
se

 o
ut

pu
tD

 
(1

) 
m

am
m

ar
y 

S·
 

(u
g/

m
l)

 
co

nt
en

t 
cr

it
 

bl
oo

d 
fl

ow
 

co
nc

n 
io

n 
(g

/h
) 

~ 
(g

/1
00

 g
) 

(%
) 

(l/
m

in
)B

 
(m

g/
10

0m
l)

 
(%

) 
t""

 
1 

(6
) 

1
·2

8
 

3·
93

 
25

 
0·

91
 

89
8 

(1
0)

 
5

7
·6

 
21

 
5

·2
 

1·
65

 
~
 g 

2 
(8

) 
1

'6
2

 
4

'7
0

 
31

 
1

·0
 

75
0 

(8
) 

74
·1

 
35

 
1

1
·0

 
2·

75
 

S·
 

3 
(7

) 
1

·4
5

 
3

·9
6

 
31

 
0·

91
 

75
5 

(1
5)

 
54

·9
 

28
 

5
·8

 
1·

71
 

(J
Q

 

4 
(7

) 
1·

21
 

4
·1

0
 

28
 

1·
43

 
99

8 
(3

2)
 

5
6

·6
 

23
 

8
·2

 
1

·9
0

 
l"d

 
::E

 
5 

(3
) 

1·
08

 
4

·0
8

 
23

 
0

·8
8

 
98

0 
(4

2)
 

71
·3

 
22

 
7

·2
 

2
·7

4
 

(1
) 

6 
(3

) 
1

·2
2

 
3

·8
0

 
26

 
1·

23
 

94
8 

(4
5)

 
5

0
·4

 
26

 
7

·2
 

1·
63

 
7 

(3
) 

1
·8

8
 

4
·8

0
 

28
 

1
·0

5
 

72
2 

(3
0)

 
8

0
·4

 
26

 
9

·7
 

2·
15

 
8 

(4
) 

0·
91

 
5

·2
4

 
25

 
0

·7
7

 
15

27
 (

65
) 

5
8

·9
 

19
 

4
·0

 
2

'7
8

 
9 

(3
) 

1
·2

7
 

4
·2

4
 

23
 

0·
53

 
90

8 
(7

0)
 

6
8

·0
 

16
 

2
·8

 
1

·6
7

 
10

 (
4)

 
1

·2
4

 
4

·0
6

 
25

 
0

·6
6

 
69

4 
(6

6)
 

60
·3

 
19

 
3

·4
 

1·
53

 
11

 (
3)

 
1·

05
 

5
·8

7
 

23
 

0
·8

6
 

10
53

 (
71

) 
67

·1
 

8 
2

·8
 

1
'7

0
 

A
 
V

al
ue

s 
in

 p
ar

en
th

es
es

 a
re

 t
he

 n
um

be
r 

o
f 

A
V

 s
am

pl
e 

pa
ir

s.
 

B
 G

la
nd

 w
ei

gh
ts

 i
n 

ex
pe

ri
m

en
ts

 1
, 

3,
 4

 a
n

d
 5

 w
er

e 
86

8,
 9

25
, 

10
94

 a
n

d
 9

40
 g

 r
es

pe
ct

iv
el

y.
 

C
 V

al
ue

s 
in

 p
ar

en
th

es
is

 a
re

 t
he

 n
um

be
r 

o
f 

da
ys

 p
os

t p
ar

tu
m

 w
he

n 
ea

ch
 e

xp
er

im
en

t 
w

as
 p

er
fo

rm
ed

. 
D

 
E

xp
er

im
en

ts
 7

-1
1 

ca
lc

ul
at

ed
 a

ss
um

in
g 

a 
la

ct
os

e 
co

nt
en

t 
in

 M
er

in
o 

ew
e 

m
il

k 
o

f 
5·

1 
g/

10
0 

g 
m

il
k 

(D
av

is
 e

t 
al

. 
19

78
).

 



136 S. R. Davis and R. Bickerstaffe 

Losses of methionine from the mammary gland via the lymph are negligible (Linzell 1974) as 
are losses of methionine as free residues in milk. The free methionine concentration in ovine milk 
is less than 10% of the plasma concentration (Davis, unpublished data). 

Results 

Mammary Blood Flow 

Mammary blood flow calculated on the basis of at least three measurements 
of methionine A V difference in five animals on 11 occasions was found to vary 
between O· 53 and 1·43 litres/min (Table 1). On four occasions when mammary 
weight was estimated from measurements of mammary volume by a water displace
ment method (LinzellI966) it was calculated that mammary blood flow was 105, 98, 
94 and 131 ml per 100 g per minute. In the goat and cow at peak lactation mammary 
blood flow is 50-60 ml per 100 g per minute (LinzellI974). 

The A V difference of methionine did not vary significantly with milk protein 
yield indicating that, as in the cow and goat, mammary blood flow and milk yield 
are highly correlated. 

Table 2. Comparison of mammary glucose uptake and blood flow in sheep, cows and goats 

Parameter Sheep CowA 

Mean arterial plasma glucose concentration (mg/1oo ml) 63·6 52·0 
Mean glucose extraction (%) 22 28 
Mammary uptake of glucose (mg g-I h- I) 6'9 3·6 
Ratio of glucose uptake to lactose output 2·0 1'4 
Mammary blood flow [ml (100 g)-I min-I] 107 42 
Milk yield (ml g-I day-I) 1·84D 1'90 
Ratio of blood flow to milk yield 870 457 

A Calculated from Table 2, Bickerstaffe et al. (1974). 
B Calculated from the data for cows 8-13, Table 4, Paterson and Linzell (1974). 
C From Linzell (1974). 
D From Davis et al. (1978). 

COWB GoatC 

64·4 60·0 
21 33 
3·4 4·3 
0·9 1·8 

55 44 
1'70 1'75 

390 460 

The ratio of blood flow to milk yield was in the range 694-1053 : 1 (mean 870), 
with one exception. In this animal where the blood flow: milk yield ratio (1527 : 1) 
was considerably greater than the mean, milk production from the right udder half 
was negligible so that a higher blood flow: milk yield ratio might be expected. 

In the lactating cow and goat the blood flow: milk yield ratio is approximately 
500: 1 (Bickerstaffe et al. 1974; Linzell 1974), although this ratio increases as yield 
falls with advancing lactation. In the ewe there was no correlation between stage 
of lactation and the blood flow: milk yield ratio, or with mammary blood flow alone. 

Mammary Glucose Uptake 

Data pertaining to the mammary glucose requirements of the lactating ewe are 
shown in Table 1, and are compared with data for the cow and goat in Table 2. 
Arterial plasma glucose concentrations were similar to those found previously in 
the lactating cow and goat and declined throughout each experiment. Glucose 
AV difference was relatively constant during the experimental period (Fig. 1). 
Mammary glucose extraction was similar in the sheep and cow but is higher in the 
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goat (Table 2). However, glucose uptake per unit weight of tissue by the sheep 
udder was approximately double that found in the cow and goat whilst the ratio of 
glucose uptake to glucose output in lactose was greater in the sheep than in the other 
species. 

No correlation was apparent between glucose arterial concentration and A V 
difference although mammary glucose uptake tended to be lower in those experiments 
carried out on ewes in late lactation (experiments 8-11, Table I). The ratio of mammary 
glucose uptake to lactose output was not significantly affected by yield or stage of 
lactation. 
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40 ~ I! I 

200 400 0 200 400 

Time (min) 

Discussion 

Fig. 1. Hour to hour variation 
in arterial (. ) and mammary 
venous (0) plasma glucose 
concentrations in four lactating 
Merino ewes. 

The use of methionine A V difference measurement to calculate mammary blood 
flow according to the Fick principle indicates that mammary blood flow per unit 
weight of tissue in the ewe is approximately double that of the lactating cow and goat 
in which flow has been measured by the thermodilution method (see Bickerstaffe 
et al. 1974; Linzel1 1974). 

Comparison of calculated flow with direct measurement was not possible in 
these experiments with the ewe. Mammary blood flow in ewes has been measured, 
immediately post par tum, by the use of an electromagnetic flowmeter (Burd et al. 
1976) and values in the range of 300-400 mljmin for the half-udder were reported. 
These are of a similar magnitude to the values calculated here (Table 1). 

A direct comparison may be made between the thermodilution method and 
methionine A V difference calculation in studies made on the cow (Bickerstaffe 
et al. 1974) and goat (Mepham and Linze111966). In the goat, mammary methionine 
uptake (A V difference x mammary blood flow by thermodilution) balanced wel1 
with methionine output in milk. However, in the study on dairy cows there was 
a deficit in the mammary uptake of most essential amino acids as compared with 
their output in milk protein, although the pattern of uptake was similar to that 
found in the sheep (Davis et al. 1978) and goat (see Mepham 1976). This deficit 
was particularly marked in the case of methionine and in four experiments mammary 
uptake ranged from 55 to 93% of output. Deficits of this magnitude would seem 
too great to explain solely on the basis of analytical error, particularly as essential 
amino acids other than methionine, e.g. phenylalanine, showed similar discrepancies. 

These data suggest that the thermodilution method occasionally underestimates 
mammary blood flow in dairy cows. In the study of Bickerstaffe et al. (1974) 
comparison of the thermodilution method with a Fick principle method based on 
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mammary urea clearance showed that, on average (in both cows and goats), the urea 
method gave values almost 10 % greater than the thermodilution method. This 
finding indicates that this proportion of blood leaves the udder via minor veins, 
undetected by the thermodilution technique. That this error may be greater in certain 
instances is also suggested from the data of Paterson and Linzell (1974) where 
mammary glucose uptake was determined in dairy cows in conjunction with the 
thermodilution method. These data indicate that, on average, mammary glucose 
uptake is only 90 % of the output oflactose in milk (see Table 2). Ruminant mammary 
tissue has a substantial requirement for glucose for purposes other than lactose 
synthesis (see Davis and Bauman 1974) and its rate of gluconeogenesis is low (Scott, 
et al. 1976). The data of Bickerstaffe et al. (1974) suggest a more realistic ratio of 
glucose uptake to lactose output of 1· 35 (average of six cows) although some individual 
results gave a ratio only marginally greater than unity. 

While calculation of mammary blood flow in the ewe from methionine A V difference 
requires verification by direct measurement, the results calculated here suggest 
that the efficiency of milk synthesis (in terms of blood volume required per unit 
volume of milk synthesized) is less in the ewe than that found in the goat and cow. 
The cow and goat might be expected to be more efficient than the ewe in the terms 
defined above because of both genetic improvement and a higher plane of nutrition. 
The total solids content of ewe's milk is substantially higher than that of the cow and 
goat, mainly due to a higher fat content [7'5 g/100 g milk (Corbett 1968)]. Thus 
the substrate requirement for each unit volume of milk synthesized is increased in 
the ewe and must be met, at least in the case of protein, from relatively low substrate 
levels in plasma. For example, it has been proposed that methionine is the amino 
acid first-limiting for milk protein synthesis in the ewe (Davis et al. 1978) and the 
mean plasma concentration in the lactating ewe (1. 70 Jig/ml) is considerably less 
than that found in studies on the cow [mean 3· 50 Jig/ml (Bickerstaffe et al. 1974)] 
and goat [mean 2· 70 Jig/ml (Mepham and Linzell 1966)]. 

Mammary glucose uptake per unit weight of tissue is greater in the ewe than in 
either the cow or goat as is the ratio of glucose uptake to lactose output (Table 2). 
The increased mammary production of fat in the ewe might be expected to increase 
mammary glucose utilization for production of NADPH and glycerol (see Bauman 
and Davis 1974). The deficit of non-essential amino acid uptake relative to output 
in milk protein (Davis et al. 1978) might also be expected to increase the mammary 
glucose requirement of ovine mammary tissue. 

While the methionine A V difference method would appear to be suitable for 
estimating mammary blood flow in ruminants, this would not appear to be the case 
for the pig. Mammary blood flow in the lactating sow is similar, per unit weight 
of tissue, to that found in the cow and goat (Linzell et at. 1969). However, calculation 
of the balance between uptake and output of essential amino acids across the udder 
of the sow (Davis 1974) indicates that methionine is taken up in excess of the require
ment for milk synthesis in both reported studies (Linzell et al. 1969; Spincer et al. 
1969). 
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