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Abstract – The aim of this study was to validate the measurement of glucose appearance rate using
[6,6-2H2]glucose i.v. infusion in lactating dairy cows. Sample enrichments were analysed by gas
chromatography/mass spectrometry. Linearity (enriched solutions) and specificity (enriched plasma)
were good: for enrichments ranging between 1.6 and 6.3 mol% excess, the slopes were about 1 and
the ordinates at the origin were not different from zero. For a plasma enriched at 3.74 mol% excess,
repeatability and long term intralaboratory reproducibility coefficients of variation were 1.31 and
1.90%, respectively. The appearance rates were calculated by two models. The values provided by
the steady-state model were not different from those provided by the non-steady-state Steele model.
Both models can be used because the treatment effects were similarly discriminated regardless of
the model. In our experiments analysing the nutritional effects on Ra in mid-lactating cows, the
precision of the method (1.90%) was not the limiting factor to detect a significant difference in Ra
compared to the statistical precision obtained with the experimental scheme (4 × 4 and 5 × 5 Latin
square design). We conclude that in lactating dairy cows, the measurement of glucose fluxes with
this method is relevant and minimally invasive for the animals.

dairy cows / glucose metabolism / GC-MS / [6,6-2H2]glucose / validation

Abbreviations: E: enrichment; GC-MS: gas chromatography/mass spectrometry; MPE: mol%
excess; Ra: appearance rate; RSDr: coefficient of repeatability; RSDR: coefficient of intralaboratory
reproductibility; BW: body weight.

1. INTRODUCTION

Lactating ruminants, dairy cows in par-
ticular, exhibit a high glucose requirement

for milk synthesis. Glucose regulates milk
volume through lactose synthesis. In addi-
tion, the glucose availability for mammary
gland synthesis could be an important
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factor regulating milk composition (fatty
acids and proteins) [1, 2]. On average, a
cow in mid-lactation producing 25 kg·d–1

of milk utilises between 11 and 14 moles of
glucose per day [3] and the fractional
extraction from the mammary gland is
about 60%. Dairy cows obtain their supply
of glucose mainly from endogenous glu-
cose production and partly from intestinal
starch that escapes fermentation of carbo-
hydrates in the rumen. Hepatic glucose
production provides most of the endog-
enous glucose supply. The quantitative
estimate of glucose supplies and require-
ment is an important challenge to predict
and control milk yield and milk composi-
tion.

However, quantitative estimates of glu-
cose fluxes are difficult or costly to assess
in lactating dairy cows. In small lactating
ruminants, two techniques are used to esti-
mate these fluxes: total splanchnic net bal-
ance and the isotope dilution technique [4,
5]. The total splanchnic net balance is very
invasive, it requires the implantation of
catheters into an artery and in the portal
and hepatic veins (under general anaesthe-
sia) and measurement of blood flow from
the portal vein and one liver artery [4]. In
lactating dairy cows, the portal vein is very
short and it remains difficult to measure
portal-hepatic blood flow with an ultra-
sonic flow probe. To our knowledge, few
experiments (9) using the total splanchnic
net balance to measure glucose fluxes have
been published on lactating dairy cows. By
contrast, the use of isotope dilution allows
the measurement of glucose appearance
rates (Ra) and disappearance rates with
minimal invasion of the body [4], and glu-
cose stable isotopes, in particular [6,6-2H2]
glucose, have been used extensively to
measure Ra in human subjects and rodents
[6]. This technique developed in the late
1970s [7] is now recognised for its safety
and its precision [8]. In human subjects,
[6,6-2H2]glucose is considered to be a
“non-recycling tracer” and to give the best
estimate of Ra [8, 6]. This aspect was not
verified in ruminants; however in cattle

[9], the use of the equivalent labelled radi-
oactive tracer ([6-3H2]glucose) also leads
to minimal recycling (4 to 5%). In lactating
dairy cows, the intravenous (i.v.) infusion
of [6,6-2H2]glucose remains costly, how-
ever the cost of the tracer has reduced pro-
gressively. This technique has begun to be
used in a few studies in lactating cows [2,
10, 11] and lactating goats [5]. No valida-
tion of the analytical method has yet been
performed in ruminants.

The aim of this paper was to describe the
development and validation of the analysis
of [6,6-2H2]glucose in plasma samples in
order to obtain a repeatable measurement of
Ra in dairy cows. For this purpose, an intral-
aboratory validation of the determination
of [6,6-2H2]glucose enrichments was per-
formed. Some of the application conditions
for measuring Ra were also analysed,
mainly to limit the number of sample anal-
yses. In that connection, the possibility of
reducing the number of natural abundance
samples was examined. In addition, two
models currently used to calculate Ra, the
Steele model [12, 13] and the steady-state
model [14], were compared in order to
choose the model best adapted to our exper-
imental conditions. 

2. MATERIALS AND METHODS

2.1. Cows, management

Ten lactating Holstein cows (623 ±
55 kg of body weight (BW); 26.7 ± 4.5 kg
milk yield) were used for this study. They
were all managed in individual tie stalls.
They received restricted amounts of diets
based on big bale silage according to
Rigout [2, 15] to meet 100% of net energy
of lactation and 110% of protein require-
ments [16]. Concentrate was given in eight
equal portions per day every three hours
and access to roughage was limited to one
hour every three hours. All the cows were
fitted with an indwelling catheter into the
left carotid and a provisional silicone cath-
eter was inserted into the right jugular vein
for [6,6-2H2]glucose infusion. Four cows
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were additionally fitted with a provisional
catheter inserted into the left subcutaneous
abdominal vein where it emerges from the
udder [2]. Arterial samples were taken
from one cow (data set 1) to perform spe-
cificity validation of the method. The other
cows were arranged in two latin square
designs (4 × 4 and 5 × 5, respectively) with
14 day periods [2, 15]. The treatments con-
sisted of continuous duodenal glucose
infusion or ruminal propionic acid infusion
(for further information see [2, 15]). 

2.2. [6,6- 2H2]glucose intravenous 
infusion, blood sampling

A 250 mL solution of [6,6-2H2]glucose
of 98.0% purity (Euriso-top, Saint Aubin,
France) was prepared with sterile saline at
a concentration of 59.4 ± 0.7 g·L–1, and
sterilised by passage through a 0.22-µm
disk filter (Millipore, Saint-Quentin-en-
Yvelines, France). A 50-mL volume of this
solution was injected as a priming dose.
The solution of [6,6-2H2]glucose was then
continuously infused for 120 min at a con-
stant rate of 1.3 ± 0.013 mL·min–1 with a
syringe pump (Harvard apparatus, Les
Ulis, France; reproducibility: 0.1%). Blood
samples were collected simultaneously
from arterial and venous abdominal cathe-
ters with heparinised syringes (7 mL; 12
to 30 IU·mL–1 of heparin lithium; Sarstedt,
Nümbrecht, Germany) at 20, 15 and
10 min before injection of [6,6-2H2]glu-
cose solution in order to measure the natu-
ral abundance level. Arterial blood was
also collected during the period of i.v. infu-
sion, at 90, 100, 110 and 120 min to meas-
ure plasma [6,6-2H2]glucose enrichments
at the plateau and at 5, 10, 20, 30 45,
60 min after the infusion stopped, in order
to measure the decrease in plasma enrich-
ments. Blood samples were kept on ice and
centrifuged at 2000 × g for 12 min at 4 °C.
Plasma (3 mL) was immediately depro-
teinised with an equal volume of 1.2 M
perchloric acid, filtered and aliquoted in
1.2 mL before being stored at –20 °C until
analysis.

2.3. Determination of [6,6-2H2]glucose 
enrichments

Samples of deproteinised plasma were
filtered on 0.22 µ filters (Millex, Millipore
Corporation, Bedford, MA) before being
neutralised with 3.2 M K2CO3 and crystals
were eliminated by two centrifugations.
The supernatant (1 volume: 750 µL) was
passed over an anion then a cation resin
exchange column (AG 1-8: formate form
and AG 50 W-X8: H+ form; 1:1 volume
ratio each; Bio-Rad S.A., Ivry-sur-Seine,
France) according to Kreisberg [17]. The
column was rinsed 4 times with 1 volume
of distilled water. The eluate was evapo-
rated twice in a centrifugal evaporator
(Savant 110 AR, Fisher Biobloc Scientific,
Ilkirch, France). The eluate was evaporated
firstly. The residue (200 to 250 µg of glu-
cose) was then dissolved in 800 µL of dis-
tilled water before being re-evaporated.
The second residue was derivatised with
1-butylboronic acid (30 µL) followed 12 h
later by addition of 15 µL acetic acid anhy-
dride [18]. At least one hour later, glucose
enrichment was determined by gas chroma-
tography/mass spectrometry (GC-MS) in
the electron impact ionisation mode (GC
8060 chromatograph coupled to a VG Plat-
form II, Fisons Instruments, Altrincham,
England). The GC injector temperature was
set at 260 °C and the transfer line was held
at 280 °C. The derivative mixture (1 µL)
was injected in the split (1:20) mode. A
30 m DB 5-MS, 0.25 mm inner diameter
and 0.1 µm film thickness capillary column
(J&W Scientific, Courtabœuf, France) was
used in this study. The oven temperature
program used started at 150 °C, raised
by 10 °C·min–1 to 220 °C and then by
20 °C·min–1 to 300 °C at which it was kept
for 3 min. At a carrier gas (He) flux of
1.2 mL·min–1, the retention time of the glu-
cose derivative was 9.0 min. The source
temperature was set at 180 °C and mass
spectra was conventionally recorded at
70 eV. The selected Ion Monitoring (SIM)
mode was used to monitor the specific ion
masses (M-57: loss of 1 t-butylgroup) for
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[(1,2:3,5)-bis butylboronate] 6-acetate glu-
cose : 297 and 299 for the M and M+2 ions,
respectively. The response of the mass
spectrometer was considered to be in a lin-
ear range when M ranged between 300 000
and 2 000 000. Each molar ratio (M+2 to M)
was determined in triplicate from areas of
the corresponding peaks and the glucose
enrichment was then calculated by taking
into account the natural abundance molar
ratio [14].

In order to take into account the poten-
tial drifts in the derivative and analytical
process, each batch of measurements was
organised as follows: one natural abun-
dance plasma and one enriched control
plasma, another natural abundance plasma
and enriched plasma samples (3–5), then
repetition of one natural abundance plasma
and enriched plasma samples. In addition
between each sample, 3 injections of ace-
tonitrile were performed. 

2.4. Intralaboratory validation study

Solutions of non-enriched glucose (98.0%
purity; Bruneau Braun, Boulogne-Billancourt,
France) and [6,6-2H2]glucose (98.0 mol%
excess; 98.0% purity; Cambridge Isotope
Laboratories, Inc., Andover, MA) were dis-
solved in distilled water to perform linearity
validation. Their concentrations (2 mmol·L–1)
corresponded to glucose concentration of
deproteinised plasma. In addition, two pools
of arterial plasma samples were taken from
one cow (data set 1) to perform specificity
validation and to calculate repeatability and
reproducibility. These two samples were
used as control plasma at natural abundance
molar ratio and as a control at 3.74 mol%
excess (MPE) enrichment. 

Linearity was assessed over the 0.95–
8.6 MPE range: six enrichments distributed
approximately every 1.5 MPE. For each of
the six enrichments, five solutions were
independently prepared by dilution of the
[6,6-2H2]glucose solution and the non-
enriched glucose solution. The acceptance
of the linear regression model and the line-

arity of the range of enrichment were sta-
tistically tested according to Feinberg [19]
and the procedure NF V03.110 [20]. In
addition, the detection limit, the critical
level and the quantification limit were cal-
culated [20] using the results of the linear
regression performed to assess linearity
(  with Sa0 is the standard
error of a0). The detection limit is defined
as the lowest enrichment detectable but not
quantified with a known error risk. The crit-
ical level is defined as the lowest enrich-
ment above the detection limit which allows
us to conclude with a low error risk that the
sample was not enriched artificially, and the
quantification limit is defined as the lowest
enrichment quantifiable with a known error
risk: 

 detection limit;

 critical level;

quantification limit.

In addition to the linearity analysis, the
specificity analysis tested the influences on
the linearity of the response of the matrix
(plasma) and of the reagents required for
purification of the samples before derivati-
zation (i.e. deproteinisation, neutralisation
and ion-exchange chromatography). Spe-
cificity was assessed by a recovery study
using a simplified procedure of NF V03.110
[20] because the standard method remained
too costly in lactating cows. Plasma sam-
ples at the natural abundance molar ratio
(data-set 1) were used. They were enriched
by adding 11 solutions of [6,6-2H2]glucose
to obtain enrichments varying within the
linearity range (1.6–6.3 MPE). A linear
regression between measured enrichments
and calculated enrichments was determined
to assess the slope of recovery and the ordi-
nate at x = 0. Statistical analyses including
the null hypothesis were performed accord-
ing to Feinberg [21]. 

y a0 a1 x×+=

XLD
a0 3 Sa0×+

a1
----------------------------=

XLQ
a0 6 Sa0×+

a1
----------------------------=

XLQ
a0 10 Sa0×+

a1
-------------------------------=
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Repeatability and long-term intralabora-
tory reproducibility were assessed in paral-
lel using the control plasma (3.74 MPE).
Four independent replicates per day were
analysed by a single operator to assess
repeatability. This operation was repeated
eight different days during an 8-month
period to assess long-term intralaboratory
reproducibility. Three different operators
contributed to the analysis of reproducibil-
ity. Statistical analyses were performed
according to the guidelines in ISO 5725
[22] and to Feinberg [21]. 

2.5. Statistical analysis for application 
conditions of Ra measurements

The possibility to reduce the number of
natural abundance samples was analysed by
testing the effect of individuals (cows) and
the effect of vessel sampling (artery or
venous) on the natural abundance molar
ratio. The cow effect was analysed using
10 values (5 cows × 2 replicates) from
Rigout [15] according to an analysis of var-
iance (ANOVA) including the cow and
residual effect. The effects of vessel sam-
pling on the measurement of the natural
abundance molar ratio was analysed using
30 values (two missing values) from a 4 ×
4 Latin square design [2]. Each batch of
analysis included both the arterial (carotid)
samples and the abdominal venous samples
of one cow during one period. The ANOVA
included, the cow, period, treatment, vessel
and residual effects as sources of variation. 

The steady-state model and a non-
steady-state model, the Steele model [13],
were compared to calculate Ra using 14 data
(2 missing values) from Rigout [2]. The
ANOVA include the cow, period, treat-
ment, model of calculation, the interaction
model × treatment, model × cow, model ×
period and residual effects as the sources of
variation. 

The different ANOVA were all proc-
essed using the general linear model
(GLM) of SAS [23].

3. RESULTS

3.1. Intralaboratory validation study

The results of the linearity response of
the GC-MS instrument for solutions with
six enrichments repeated five times are pre-
sented in Table I. The model of linear
regression was acceptable at P < 0.01
because F > F0.01, 1, 24 (linearity line in
Tab. II). In addition, the whole linearity
range chosen (enrichments between 0.97
and 8.53 MPE) was validated at P < 0.01
because F ≤ F0.01, 4, 24 (non-linearity line in
Tab. II). The calculated regression of line-
arity was: 

Em = (1.0022 ± 0.0070) × Ec 
          + (–0.0765 ± 0.0387) (MPE)

where, Em is the measured enrichment
and Ec is the calculated enrichment. The

Table I. Data of linearity assay.

MPEc1 (%) MPEm2 (%)
Mean (%)

x y1 y2 y3 y4 y5

Enrichment level
1 0.97 0.95 0.89 0.88 0.92 0.94 0.91
2 2.43 2.34 2.51 2.42 2.28 2.48 2.40
3 4.24 4.06 4.13 4.08 4.08 4.11 4.09
4 5.73 5.70 5.48 5.64 5.66 5.63 5.62
5 7.16 7.19 6.98 7.06 7.06 7.37 7.13
6 8.53 8.57 8.49 8.30 8.60 8.53 8.50

1 Calculated mol% excess.
2 Measured mol% excess.
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correlation coefficient was 0.9997. The
detection limit was 0.04 MPE, the critical
level was 0.16 MPE and the quantification
limit was 0.31 MPE.

The matrix (plasma) and the preparation
of samples before derivatization had no
significant influence on the result (Fig. 1).
The regression equation obtained for spe-
cificity was very close to the regression
equation obtained for linearity: 

Em = (1.005 ± 0.027) × Ec 
          + (– 0.049 ± 0.112). (MPE)

The specificity was statistically accept-
able at P < 0.01, the slope (1.0005) was not
significantly different from 1 and the ordi-
nate at x = 0 (–0.049) was not significantly
different from zero.

For the control plasma (3.74 MPE), the
precision method was good as demon-
strated by the following statistical data for
repeatability at P < 0.05: r95% = 0.14 and
RSDr = 1.31% and long-term intralabora-
tory reproducibility: R95% = 0.202 and
RSDR = 1.90%. 

Table II. Analysis of variance results for the linearity assay.

Sources of 
variation

df1 Sum of 
Squares

Mean 
Square

F values F0.01
2

in tables
Conclusions

Linearity 1 205.5581 205.5581 22257 7.832 F > F0.01,1,24
Non linearity 4 0.0621 0.01553 1.681 4.218 F ≤ F0.01,4,24
Error 24 0.2217 0.00924
Total 29 25.8418

1 Degree of freedom.
2 Fisher table values at P < 0.01.

Figure 1. The specificity of the analytical method to test the matrix (plasma) effect and the influences
of the purification process on the linearity of the response. Plasma samples at natural abundance were
enriched by the addition of [6,6-2H2]glucose over the range of 1.6–6.3 mol% excess. The linear regres-
sion between the calculated enrichments and measured enrichments was determined to assess the slope
of recovery and the ordinate at x = 0 according to Feinberg [19].
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3.2. Validation of application 
conditions of Ra measurement

3.2.1. Measurement of natural 
abundance molar ratio

To analyse the cow effect on the natural
abundance molar ratio, a variable MRi was
calculated using NAi, the natural abun-
dance molar ratio for a cow i, determined
in two replicates in a batch i (i = 1 to 5), Ci,
the natural abundance molar ratio of the
control plasma (data set 1), and  the cor-
responding mean for the five batches:

The ANOVA did not shown any signif-
icant difference among cows (P = 0.55,
SE = 0.001) in the measurement of the nat-
ural abundance molar ratio (0.0265). Addi-
tionally, in the data of Rigout [2], the
determined natural abundance molar ratio
was not significantly different (P = 0.50)
between the samples taken from the carotid
artery (molar ratio: 0.02535 ± 0.00017) and
the samples taken from the subcutaneous
abdominal vein (molar Ratio: 0.02519 ±
0.00017).

3.2.2. Comparison of two models 
for calculating Ra 

Two current models are used to calculate
Ra, the steady-state model that requires pla-
teau conditions for plasma glucose concen-
trations and enrichments and a non-steady-
state model, the Steele model. Before the
experiment [2], we did not know if our pro-
cedure respected the plateau conditions
required for the steady-state model. For this
reason, Ra was first calculated using the
Steele model equation [24]: 

given 

(g·min–1)

where f is the [6,6-2H2]glucose infusion
rate (g·min–1), Einf is the isotopic enrich-
ment of the infusate (98 MPE), E(t), E1 and
E2 are enrichments (in MPE) and C(t), C1
and C2 are glucose concentrations meas-
ured at each sampling time (t, t1, t2…). The
estimation of the total glucose pool (V) was
required. It was calculated using the sam-
ples taken after the infusion of [6,6-2H2]
glucose stopped as described by Rose [10].
This volume was about 110 ± 5 mL·kg–1

BW. In the Steele equation, it was corrected
by a p fraction (P = 0.65) according to
Brockman [12] leading to mean Ra about
2.07 ± 0.038 g·min–1.

However during our experiment [2],
concentrations and enrichments of plasma
glucose reached a plateau before measure-
ments (between 90 and 120 min after the
beginning of [6,6-2H2]glucose infusion).
The individual coefficients of variation
ranged from 0.65 to 3.72% for plasma glu-
cose concentrations and from 1.39 to
4.86% for enrichments. The conditions of
application of the steady-state model were
respected because the CV of plasma glu-
cose concentrations and enrichments were
both smaller than 5%. In that respect, Ra
was determined by the equation:

given

 (g·min–1)

where Ep is the plasma enrichment.
Glucose Ra calculated with the steady-

state model is not different than with the
Steele model (2.08 vs. 2.07 g·min–1, SEM =
0.038; P = 0.9). In addition, the calculation

Ĉ

MRi NAi Ĉ Ci–( )+=
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method did not interfere with the treatment
measurements (duodenal infusions of glu-
cose or water, see [2]) because the interac-
tion between the model of calculation and
treatment was not significant (P = 0.8).
This also applied to the effects due to the
cow or to the period of measurement (no
significant interaction between the model
and cow: P = 0.9 or between model and
period: P = 0.9). Moreover, as shown in
Figure 2, parallel responses for Ra values
were obtained with the two models. The
linear regression between Ra(Steele) and Ra
exhibited a slope that was not significantly
different from 1 (t12 ddl = 0.63, P > 0.5) and
the ordinate at the origin was not different
from zero: 

Ra(Steele) = (1.04 ± 0.067) × Ra 
                     + (–0.09 ± 0.140) (g·min–1)

4. DISCUSSION

The objective of this study was to ana-
lyse the feasibility and the validity of meas-
uring glucose Ra using a [6,6-2H2]glucose
i.v. infusion in lactating ruminants, mainly
in dairy cows. Infusions of [6,6-2H2]glu-
cose and blood sampling were easily per-

formed with minimal discomfort for goats
[5] and cows [2, 15]. In our experience, the
measurement of glucose Ra with this tech-
nique was easier, less invasive and safer
for the dairy cows than the measurement
of total splanchnic net balance [25]. In
addition, the laboratory technique for the
determination of plasma enrichments was
validated. 

4.1. A validated analytical method 
allowing to reduce the number 
of analyses

With our method described, a standard
curve for each batch of analysis is not
required because both the linearity and the
specificity were good. In both linearity and
specificity measurements, the slopes of
enrichment responses and the ordinates at
the origin (x = 0) were not significantly dif-
ferent from 1 and 0, respectively. The absence
of a need for a standard curve for each batch
of analysis is interesting because standard
curves with biological enriched samples
(plasma) are not practical to produce [14].
In that regards, the number of analyses to be
performed may be reduced in each batch if
the calculations are based on enrichments. 

Figure 2. Linear relation obtained
between the appearance rate (Ra)
calculated using the Steele model
and the steady-state model.
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Repeatability and intralaboratory repro-
ducibility were assessed by an enrichment
(3.74 MPE) corresponding to the mean
enrichment of plasmas obtained during our
experiments [2, 15]. The coefficients obtained
for the present method (RSDr = 1.31%;
RSDR = 1.90%) were within the range of
variation of methods [7, 26] including a
separation technique (GC-MS), which is
noteworthy because the present method
includes all the steps of sample extraction
and preparation before GC-MS injection.

Nevertheless in the future, when begin-
ning a series of analysis that corresponds to
an experiment (100 to 200 blood samples),
the first batch of analyses will include a nat-
ural abundance plasma, the control plasma
and a standard curve. This first batch will
allow to verify if the peaks (M) obtained
with solutions and plasmas are within the
linearity range of the GC-MS linearity
(M between 300 000 and 2 000 000). The
standard curve will be used to verify the lin-
earity (ordinate at the origin not different
from zero and slope about 1). A mainte-
nance of the ion source could be required to
obtain correct values. In addition, the con-
trol plasma (at 3.74 MPE) that corre-
sponded to enrichments obtained in our
experiments (2.5 to 4.5%) will be intro-
duced into each batch to continue to follow
long-term intralaboratory reproducibility
and construct a control card. Lastly, the cal-
culation of enrichments implies a correct
measurement of natural abundance molar
ratio to take into account the “basal”
response. Interestingly, the basal response
was not affected by the animal chosen
(cow) and by the vessel used for blood sam-
pling, suggesting that a same plasma may
be used for all natural abundance ratio
measurements in the future. 

4.2. The model of Ra calculation may 
also reduce the number of analyses

Similar values of Ra were obtained using
the non-steady-state Steele model and the
steady state model when the conditions of
the steady-state model were respected for

plasma glucose concentrations and enrich-
ment (both CV < 5%). The coefficient of
variation of Ra measurements was not
reduced by using the Steele model (8.5 and
6.5%, for the Steele and steady-state model,
respectively) as already observed in sheep
when comparing these methods using a
radioactive tracer [12]. In addition, the Steele
model requires more blood sampling than
the steady state model because the volume
of the miscible glucose pool should be esti-
mated by determining tracer elimination
(10 samples instead of 4 per Ra measure-
ments). In addition, the value of the vol-
ume of the miscible glucose pool may be
dependant on the method of calculation. In
the present study, the volume of the calcu-
lated miscible glucose pool (110 ± 5 mL·kg–1

BW) was lower than that reported in sheep
[12, 27] with a different method of calcula-
tion while it was only slightly lower than
the volumes reported in lactating dairy
cows (141 ± 3.5 mL·kg–1 BW and 121.5 ±
4.7 mL·kg–1 BW) with the same method of
calculation [10, 11]. In that respect, since
the treatments are equally discriminated by
both models of calculation, it seems less
costly to use the steady-state model, which
requires less sample measurement, in future
experiments with protocols similar to that
of Rigout [2] if the conditions of the steady-
state model are respected.

4.3. Attainable precision for detecting 
significant differences between Ra 

The ability to detect significant differ-
ences between Ra measurements depends
on the precision of the method and on the
experimental design. In our experiments [2,
15], a 4 × 4 and 5 × 5 Latin square design
were used to analyse nutritional effects on
Ra in mid-lactating cows. The smallest sig-
nificant difference in Ra that could be sta-
tistically detected at P < 0.05 was about
200 g·d–1 (i.e. 8% for an Ra of 2500 g·d–1). 

The precision of the method was not lim-
iting compared to the statistical precision.
The detectable difference between the
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enrichment (E) due to the precision of the
method was about 0.143 MPE (2 × [RSDR ×
100] × E with RSDR = 1.90% for the control
plasma at 3.74 MPE). The corresponding
significant difference expressed in Ra (for
a Ra about 2500 g·d–1) was 115 g·d–1, less
than the experimental design significance
detection limit (200 g·d–1). 

Consequently, the [6,6-2H2]glucose i.v.
infusion rate (59.4 mg·min–1) was not a lim-
iting factor for detecting significant differ-
ences in Ra because it led to enrichments in
the plasma control value (3.74 MPE) and
to a significance detection limit of about
115 g·d–1. In that connection, infusions might
be reduced slightly but not substantially
because the RSDR decreases with enrich-
ment [26] according to the Horwitz model
[19]. Assuming that for plasma enriched
at only 2 MPE, the detectable difference
between enrichments (E) will remain at about
0.143 MPE, the smallest difference detect-
able due to the precision of the method (170
to 200 g·d–1) would be close to the statisti-
cal detecting limit. 

5. CONCLUSION

In our experience, using stable isotope
techniques to measure glucose fluxes in
lactating dairy cows is easy to perform and
less invasive than the difficult technique of
total splanchnic net balance. In this study,
we validated the adaptation of the tech-
nique for analysing plasma enrichments in
[6,6-2H2]glucose enrichments and the use
of the steady-state model at plateau condi-
tions in lactating dairy cows. This method-
ology allows a reduction in the number of
analyses required to measure Ra and con-
sequently the cost of this measurement.
The precision of the method was not the
limiting factor for detecting significant dif-
ferences when comparing nutritional treat-
ments in lactating dairy cows using a 4 × 4
or 5 × 5 Latin square design. However,
with the current GC-MS instrument, the
quantity of infused tracer to infuse cannot
be considerably reduced. To greatly reduce

experimental costs, by reducing the quan-
tity of the infused tracer, other instrumen-
tation will be required such as GC-P-IRMS
for 2H measurement. However, the limit of
the new GC-P-IRMS technique is consid-
ering the M+1 isotopomer in its analyses.

ACKNOWLEDGMENTS

The authors are very grateful to the Dr B.
Beaufrere and Dr. Y. Boirie team, to C. Obled,
for providing details of the analytical method for
human subjects, and to Viviane Kerlidou who
began the validation of the methods during her
master of science. We also wish to thank P.
Lamberton and his team for helpful assistance
and care of the animals and M. Texier, S. Rigout
and M. Vérité for their help in laboratory anal-
ysis. K. Lynch corrected the English manuscript.

REFERENCES

[1] Hurtaud C, Lemosquet S, Rulquin H. Effect
of graded duodenal infusions of glucose on
yield and composition of milk from dairy
cows. 2. Diets based on grass silage. J Dairy
Sci 2000, 83: 2952–2962. 

[2] Rigout S, Lemosquet S, Van Eys JE, Blum
JW, Rulquin H. Duodenal glucose increases
glucose fluxes and lactose synthesis in grass
silage-fed dairy cows. J Dairy Sci 2002, 85:
595–606. 

[3] Danfaer A, Tetens V, Agergaard N. Review
and an experimental study on the physiologi-
cal and quantitative aspects of gluconeogene-
sis in lactating ruminants. Comp Biochem
Physiol 1995, 111B: 201–210. 

[4] Brockman RP. Glucose and short-chain fatty
acid metabolism. In: Forbes JM, France J
(Eds), Quantitative aspects of ruminant diges-
tion and metabolism, CAB International,
Cambridge, 1993, p 248–265. 

[5] Lemosquet S, Debras E, Balage M, Hocquette
JF, Rulquin H, Grizard J. Hyperglycemia
enhanced the insulin-stimulated glucose dis-
posal in lactating goats. Am J Physiol 2002,
282: R464–R474.

[6] Kalhan SC. Stable isotope tracers for studies
of glucose metabolism. J Lab Clin Med 1990,
116: 615–622. 



Validation of [6,6-2H2]glucose use in cows 27

To access this journal online: 
www.edpsciences.org

[7] Bier DM, Arnold KJ, Sherman WR, Holland
WH, Holmes WF, Kipnis DM. In vivo meas-
urement of glucose and alanine metabolism
with stable isotopic tracers. Diabetes 1977,
26: 1005–1015. 

[8] Coggan AR. Use of stable isotopes to study
carbohydrate and fat metabolism at whole-
body level. Proc Nutr Soc 1999, 58: 953–961. 

[9] Young JW. Gluconeogenesis in cattle: signif-
icance and methodology. J Dairy Sci 1977,
60: 1–15. 

[10] Rose MT, Obara Y, Fuse H, Itoh F, Ozawa A,
Takahashi Y, Hodate K, Ohashi S. Effect of
growth hormone-releasing factor on the
response to insulin of cows during early and
late lactation. J Dairy Sci 1996, 79: 1734–
1745. 

[11] Rose MT, Obara Y, Itoh F, Hashimoto H,
Takahashi Y. Non-insulin- and insulin-medi-
ated glucose uptake in dairy cows. J Dairy
Res 1997, 64: 341–353. 

[12] Brockman RP. Validation of an equation for
calculation of glucose appearance during
nonsteady state in sheep. Can J Physiol Phar-
macol 1984, 62: 341–344. 

[13] Steele R, Wall JS, deBodo RC, Altszuler N.
Measurement of size and turnover rate of
body glucose pool by the isotope dilution
method. Am J Physiol 1956, 187: 15–24. 

[14] Wolfe RR. Radioactive and stable isotope
tracers in biomedicine. Principles and prac-
tice of kinetic analysis. Wiley-Liss, Inc., New
York, 1992.

[15] Rigout S, Hurtaud C, Lemosquet S, Bach A,
Rulquin H. Lactational effect of propionic
acid and duodenal glucose in cows. J Dairy
Sci 2003, 86: 243–253.

[16] Jarrige R. Ruminant nutrition: recommended
allowances and feed tables. INRA, Paris,
1989.

[17] Kreisberg RA, Siegal AM, Crawford WO.
Alanine and gluconeogenesis in man: effect

of ethanol. J Clin Endocrinol Metab 1972, 34:
876–883. 

[18] Wieko J, Sherman WR. Boroacetylation of
Carbohydrates. Correlations between struc-
ture and mass spectral behavior in monoacetyl-
hexose cyclic boronic esters. J Am Chem Soc
1976, 98: 7631–7637. 

[19] Feinberg M. La validation des méthodes
d'analyse. Cah Tech INRA 2000, 44: 19–49. 

[20] NF V03.110. Procédure de validation intrala-
boratoire d'une méthode alternative par rap-
port à une méthode de référence : cas de
méthodes d'analyses quantitatives. AFNOR,
Paris, 1998.

[21] Feinberg M. Basics of inter-laboratory stud-
ies: the trends of new ISO 5725 standard edi-
tion. Trends in Analytical Chemistry 1995,
14: 1–15. 

[22] ISO 5725. Accuracy (trueness and precision)
of measurement methods and results, part 1 to
6. International Standardization Organiza-
tion, Geneva, 1994.

[23] SAS, SAS/STAT User's Guide (Release
6.12). SAS Inst., Inc. Cary, NC, 1990.

[24] Proietto J, Rohner-Jeanrenaud F, Ionescu E,
Terrettaz J, Sauter JF, Jeanrenaud B. Non-
steady-state measurement of glucose turno-
ver in rats by using a one-compartment
model. Am J Physiol 1987, 252: E77–E84. 

[25] Casse EA, Rulquin H, Huntington GB. Effect
of mesenteric vein infusion of propionate on
splanchnic metabolism in primiparous hol-
stein cows. J Dairy Sci 1994, 77: 3296–3303.

[26] Magni F, Monti L, Brambilla P, Poma R,
Pozza G. Determination of plasma [6,6-
2H2]glucose enrichment by a simple and accu-
rate gas chromatographic-mass spectrometric
method. J Chromatogr 1992, 573: 127–131. 

[27] Bergman EN, Katz ML, Kaufman CF. Quan-
titative aspects of hepatic and glucose metab-
olism and turnover in sheep. Am J Physiol
1970, 219: 785–793. 


