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Abstract In studies where D-( -)-3-hydroxy[4,4,4-*H3]butyrate 
is employed as isotopic tracer in vivo, we have described a 
selected ion monitoring, gas-liquid chromatography-mass spec- 
trometry micromethod which measures [*Hd tracer enrichment 
in 3-hydroxybutyrate and acetoacetate from 3OO-pl blood 
samples. For plasma samples in the physiologic range, intra- and 
interassay precisions for each ketone averaged better than f 1% 
and * 2%, respectively. The use of the method was validated by 
comparing kinetic data obtained with the above tracer with 
simultaneous flux data obtained with conventional D-( -)-3- 
hydro~y[3-~’C]butyrate tracer in five fasted rats. - Bougneres, 
P. F., E. 0. Balasse, P. F e d ,  and D. M. Bier. Determination of 
ketone body kinetics using a D-( -)-3-hydro~y[4,4,4-~H~]butyrate 
tracer. J. Lipid Res. 1986. 27: 215-220. 
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The ketone bodies, acetoacetate and 3-hydroxybutyrate, 
are important metabolic fuels in infancy (1-3), and can 
replace glucose as an energy source for the central 
nervous system (3-8). However, despite the fact that 
hyperketomenia develops early in neonatal life (9-12), 
ketone body transport has not yet been quantified in the 
human newborn. In large part, this deficiency has been 
due to the lack of a suitable approach to this measure- 
ment, since at least two requirements have to be satisfied. 
I) The isotope dilution method must be non-invasive, 
adaptable to very small blood samples, and ethically 
acceptable for a neonatal study; and 2) it must allow 
assessment of tracer enrichment both in 3-hydroxy- 
butyrate (3-OHB) and in acetoacetate (AcAc), since both 
values are necessary for subsequent calculation of total 
ketone body flux. 

In this report, we present a new method which satis- 
fies the above requirements. Non-radioactive D-( -)-3- 
hydro~y[4,4,4-~H~]butyrate tracer (2H3-OHB) is used 
and 2H3 isotopic enrichment is determined simultaneous- 
ly both in blood 3-OHB and in AcAc using selected ion 
monitoring gas-liquid chromatography-mass spectrometry 
(GLC-MS). The method is simple, reliable, and requires 

only 200-300 microliters of blood which can be obtained 
by “heel stick” sampling. 

MATERIALS AND METHODS 

Materials 

Sodium D,L-3-hydroxybutyrate (analytical grade) and 
lithium acetoacetate (90-95% purity), as well as the other 
reagents required for spectrophotometric enzymatic as- 
says of 3-OHB and AcAc concentration (13) were ob- 
tained from the Sigma Chemical Company (St. Louis, 
MO). D-( -)-%hydroxy[ 3- “Clbutyrate, specific activity 
50 mCi/mmol (”C-OHB), was purchased from Amer- 
sham Searle (Arlington Heights, IL). Sodium D-( -)-3- 
hydro~y[4,4,4-~H~]butyrate (91 atom % ‘H3) was pur- 
chased from Merck Isotopes (Dorval, Quebec). Its chemi- 
cal purity was confirmed both by spectrophotometric 
enzymatic analysis (13) and by inverse isotope dilution 
using selected ion monitoring GLC-MS (see below). 
Agreement between chemical purity measured using the 
former assay, which is specific for D-( -)-3-hydroxy- 
butyrate, and the latter dilution assay, which does not 
discriminate between the D and L stereoisomers, indi- 
cated that the tracer was not contaminated with L-3- 
hydroxybutyrate. 

Stock solutions of unlabeled AcAc, unlabeled 3-OHB, 
and [2H3]OHB were prepared by dissolving 5-10 mg of 
accurately weighed ketone in 10 ml of bi-distilled water. 
Working calibration standard solutions were prepared by 
serially diluting various combinations of labeled and 
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unlabeled 3-OHB stock solutions (see results) which were 
kept stored briefly at -2OOC. 

Since a [4,4,4-2H3]acetoacetate (‘H3-AcAc) standard 
was not commercially available, it was prepared by enzy- 
matic oxidation of D-( -)-3-hydroxy[4,4,4-’H3]butyrate 
(13). The precursor [‘H3]0HB and the product [‘H3]AcAc 
were analyzed as their trimethylsilyl derivatives (see 
below). Full sweep mass spectra were identical to pub- 
lished reference spectra (14, 15) except for the appropriate 
mass shifts due to the presence of deuterium. The isotopic 
enrichment (91.14 atom % ‘H3) of the [‘H,]AcAc 
generated enzymatically was identical to that of the 
precursor [‘H3]OHB (91.19 atom % ‘H3). 

The [‘H3]AcAc was stored frozen for 3 days. When 
reanalyzed by selected ion monitoring GLC-MS, the 
relative ion current values (normalized to the molecular 
ions (M+)  mlz 234 for TMS-[’H3]AcAc and mlz 236 for 
TMS-[2H3]OHB) were as follows. 

M - 3  M-2 M-1 M +  M+1 M + 2  M + 3  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

[‘H3]0HB 6.34 3.19 2.29 100 20.42 9.26 1.27 
[‘H3]AcAc 6.04 3.20 2.23 100 20.45 10.06 1.97 

These data indicated that there was no loss of 
deuterium from [‘H3]AcAc under the storage conditions 
reported. 

Furthermore, we monitored the deuterons at position 4 
of [‘H3]AcAc in water for a period of 4 hr by magnetic 
resonance spectroscopy and were unable to detect ex- 
change of these deuterons with aqueous protons. Like- 
wise, in a complementary experiment, there was no 
detectable exchange of deuterons for protons in natural 
acetoacetate dissolved in D 2 0  when monitored by NMR 
for 4 hr. 

To assess potential for in vivo exchange prior to the 
validation experiments with [ ‘*Clketone tracer reported 
below, a rat was infused with [2H3]OHB tracer for 90 
min. Prior to this infusion, the mlz 2361233 ion current 
ratio in plasma 3-OHB analyzed as the TMS derivative 
was 1.06%. At 60, 75, and 90 min the ratio was 2.53, 2.33, 
and 2.56%) respectively. The corresponding ion current 
ratios in circulating acetoacetate measured as the TMS 
derivative were as follows. 

Ion ratio 

2321231 
2331231 
2341231 
2351231 

0 min 60 min 75 min 90 min 

20.25 20.40 20.40 20.31 
7.04 7.07 7.10 7.03 
0.81 1.75 1.67 1.75 
0.14 0.14 0.16 0.15 

~ ~ _ _ _ ~  

The constant 2341231, 2331231, and 232/231 ion cur- 
rent ratios for 90 min in vivo support the conclusions of 
the in vitro studies above that the loss of one or two 
deuterons from [‘H,]AcAc was insignificant during the 
time-frame of the experiments conducted later (vide 
infra). 

For in vivo studies, the desired amount of sodium 
[‘H3]0HB was diluted in normal saline and passed 
through a 0.22 pm Millipore@ filter into sterile vials for 
infusion. An aliquot was determined to be pyrogen-free 
by conventional rabbit body temperature assay in a licensed 
commercial laboratory. The actual [4,4,4-‘H3]AcAc con- 
centration in stock solutions was verified by spectrophoto- 
metric assay on the day these solutions were used to 
establish calibration curves. 

Procedural methods 

The ability of the method to accurately estimate ketone 
body flux in vivo was evaluated by studies in five anesthe- 
tized, overnight-fasted adult Wistar rats (200-250 g). A 
25-gauge catheter was placed in the carotid artery for 
blood sampling. Two tracers were infused simultaneously 
via a 25-gauge catheter which had been inserted into a 
forelimb vein: [14C]OHB was administered at the nomi- 
nal rate of 300,000 dpmlmin. [‘H3]OHB was infused 
simultaneously at the nominal rate of 0.5 pmollmin. Sixty 
minutes were allowed to achieve isotopic steady state. The 
animals were then bled through the arterial catheter, and 
the blood was divided into three aliquots for determina- 
tion of U )  AcAc and 3-OHB concentrations (0.1 ml) (13); 
b )  ‘H3 enrichment (0.3 ml), see below; and c) 14C specific 
activities (2 ml) (16). The administration rate of the 
nonradioactive [ ‘H3]OHB tracer was confirmed by direct 
spectrophotometric enzymatic analysis of the infusate. 
The infusate rate of [ 14C]OHB was determined by multi- 
plying the calibrated rate of infusion (mllmin) by the “C 
radioactivity per milliliter of the infusate. Total ketone 
body appearance rates were calculated utilizing radio- 
tracer steady-state dilution equations (17) or their equiva- 
lent for stable isotopically labeled tracers (18). 

Analytical methods 
In order to extract ketone bodies for GLC-MS analy- 

sis, 0.3 ml of blood was added immediately after collection 
to 0.5 ml of 1 M perchloric acid in iced tubes and mixed 
thoroughly. The mixture was then centrifuged at 4OC for 
5 min. The supernatant was transferred to another iced 
tube and the pH was immediately adjusted to 6.5-7.5 
with 10% KOH. The potassium perchlorate salts were 
sedimented by another 5-min centrifugation at 4OC. The 
supernatant was transferred to another cold tube and 
reacidified on ice with two drops of 1 N HC1. The regen- 
erated ketoacids were extracted twice into 1 ml of ethyl 
acetate, the combined extracts were pooled in a 2.5-mi 
conical microreaction vial, and the solvent was evapo- 
rated to dryness under dry N2 at room temperature. The 
residues were resuspended in 30 p1 of 10% pyridine in 
BSTFA (Pierce Chemical, Rockford, IL), and heated at 
6OoC for 30 min to prepare the trimethylsilyl esters. In 
this form, samples are stable and isotopic enrichment 
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values are constant for periods of at least 5 days when 
stored at -8OOC. 

3-OHB and AcAc trimethylsilyl ester separation from 
other plasma trimethylsilyl esters was accomplished by 
12OOC isothermal gas-liquid chromatography on a 2 m 
x 2 mm glass column packed with 3% OW on Supelco- 

port 1001200 mesh using helium carrier gas. Under the 
GLC conditions used, D and L enantiomers of 3-OHB co- 
chromatograph and the L-3-OHB (from the racemic 
mixture used to prepare the standards) has the same mass 
spectrum as its D counterpart. The ratios of labeled to 
unlabeled 3-OHB and AcAc were then quantified by 
electron-impact, selected ion monitoring GLC-MS using 
an R10-10 Nermag Mass Spectrometer (Rueil Malmaison, 
France) equipped with an Incos 200 Data System, Fin- 
nigan Mat (Sunnyvale, CA). For measurement of ion 
current ratios in the range reported here, this instrument 
system has a relative precision of * 0.5% of the measured 
ratio. 

Mass spectrometer ion source temperature was main- 
tained at 2OOOC and ionization voltage at 70 eV. Ions at 
mlz 233 and 236, representing the (M-15)' ions of the 
unlabeled and the [2H3]OHB trimethylsilyl esters, and 
ions at mlz 231 and 234, representing the unlabeled and 
the [ 'H3)AcAc trimethylsilyl esters, respectively, were 
selectively monitored using a mass-calibrated, multiple 
ion monitoring program. The corresponding peak areas 
were integrated by the data system and 2H3 enrichments 
of 3-OHB and AcAc were calculated from these data, 
corrected for the slope of a standard curve of known 
['H3]AcAc and ['Hs]OHB mixtures measured in the 
same analytical run (see below). In any case, with a 
properly tuned mass spectrometer, the slope of this 
standard curve was not statistically different from 1.0. 
Since each analytical run requires injection of only 
approximately 2-4 llJ. of the final pyridine-BSTFA solu- 
tion, several replicate measurements can be made on each 
0.3-ml blood sample. Blood AcAc and 3-OHB concentra- 
tions (13) and specific activities (16) were determined as 
described above. 

Calculations 

Prior to blood analysis, calibration standards contain- 
ing the same amount of sodium D,L-3-OHB but different 
amounts of sodium [2H3]OHB were analyzed by selected 
ion monitoring GLC-MS to establish a standard curve 
defined by the equation 

Rc = Ro+ k (n31n0) 4. 1) 

where Rc is the observed 2361233 ion current ratio of the 
calibration standard; Ro is the natural 2361233 ion 
current ratio; nO and n3 are the absolute amounts (in 
moles) of natural 3-OHB and D-( -)-3-hydroxy[4,4,4- 
'Hslbutyrate, respectively, in the calibration standard; 
and k is the slope of 2361233 ion current ratio as a func- 

tion of n31n0. From the above determined slope (k), the 
atom % 'H3 enrichment of a sample (Es) can be cal- 
culated from the experimentally observed 2361233 ion 
current ratio in the tracer-enriched sample (Rs) and in 
the pre-infusion sample (Ro) as follows: 

ES = Rsll + RS x 100 

The same isotope dilution technique was used to define a 
calibration curve equivalent to equation 1 by GLC-MS 
analysis of calibration standards containing the same 
amount of natural lithium acetoacetate and different 
amounts of [4,4,4-2Hs]acetoacetate prepared as described 
previously. 

RS = llk (Rs - Ro) Eq. 2) 
.Eq. 3) 

R'c - R'o + Y(n'31n'O) Eq. 4 )  

Where R'c is the observed 2341231 ion current ratio of the 
calibration standard; R'o is the natural 2341231 ion cur- 
rent ratio; n'o is the absolute amount (in moles) of natural 
AcAc, n'3 is the measured amount of ['H3]AcAc added in 
the calibration standard; and k' is the slope of 2341231 ion 
current ratio as a function of nWn'0. Then the atom % 
[2Hs]AcAc enrichment, Es, can be calculated using equa- 
tions 2 and 3. 

RESULTS 

To test the linearity of the assay (Fig. l), a series of 
standard solutions containing 30-600 nmol of 3-hydroxy- 
butyrate (equivalent to the content of 0.3 ml of blood 
containing 3-OHB in the physiological range of 0.1-2.0 
mM) and 3 nmol of D-( -)-3-hydro~y[4,4,4-~H~]butyrate 

0 
s! 

0 
x 10- 

U 
Ly 

2 4 6 8 10 
4,4,4-2H3 POHB EXPECTED poHB] ,oo 

Fig. 1. Calibration curve for mixtures of natural and D-(-)-3- 
hydroxy[4,4,4-*H3]butyrate produced by addition of known amounts of 
natural 3-OHB to a ['HslOHB standard solution. The equation for the 
line is Y 1.03 x + 1.00; I = 0.998. 
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were prepared. Quadruplicate stock solutions were pre- 
pared by separate, individual weighings in 10 ml of water 
as noted above. Quadruplicate sets of working standard 
were prepared therefrom by serial dilution on 0.3 ml of bi- 
distilled water. The samples were analyzed by GLC-MS 
as described. Fig. 1 shows that the assay was linear 
throughout the measured range. 

The average precision (SD/mean x 100) of ion current 
ratio measurement was * 4%. Likewise, assay of a 
parallel series of standards containing 30-600 nmol of 
AcAc and 3 nmol of [4,4,4-2H3]AcAc analyzed in a similar 
fashion (Fig. 2) was also linear with an average relative 
precision of f 5%. This coefficient of variation, therefore, 
represents that of the total propagated errors: weighing, 
pipetting, dilution, and instrument noise. For repeated 
measurements of a given standard solution, the relative 
precision was 0.5%, equivalent to the instrument preci- 
sion for measuring ion current ratios in general as noted 
above in Analytical Methods. 

Intra-assay precision (SD/x x loo), assessed by quad- 
ruplicate measurement of each of four plasma samples 
containing [‘H3]0HB and [‘H3]AcAc in the 0.6-1.8 atom 
% excess range, was * 0.7% for [‘H,]OHB and 0.9% 
for [2H3]AcAc, respectively. Inter-assay precision, quanti- 
fied in an identical fashion for similar plasma samples 
analyzed on three separate occasions, averaged k 1.8% 
for each labeled ketone body. 

Table 1 shows the results of the in vivo validation study 
carried out in rats as described above. The circulating 
total ketone body concentration averaged 2.83 mM of 
which two-thirds was 3-hydroxybutyrate. The specific 
activity of [3-”C]AcAc averaged 79.3 * 4.5% of the 

4,4,4-*H31AcAc ,oo 
EXPECTED Natural AcAc 

Fig. 2. Calibration curve for mixtures of natural and [4,4,4-‘H,]aceto- 
acetate produced by addition of known amounts of natural AcAc to a 
[*HS]AcAc standard solution. The equation for the line is Y = 1.08 
x + 1.24; r = 0.999, 

[3-14C]OHB specific activity, a value not different from the 
76.1 10.3% relative isotopic enrichment of [‘H3]AcAc 
compared with [ ‘H,]OHB. Similar relative values have 
been reported in rats by others (19, 20). The approximate 
equivalency in isotopic distribution between AcAc and 
3-OHB in rats provides the rationale for the use of total 
ketone body isotopic enrichment (Ekb) or specific activity 
(SAkb) for calculation of total ketone turnover by the 
“single pool” approach (20, 21). Thus, when calculated 
from the combined [3-14C]ketone specific activity (SAkb), 
total ketone turnover averaged 17.3 6.2 kmol/min, a 
value virtually identical to the rate of 17.9 k 4.4 pmol/ 
min calculated from the combined [ ‘H31ketone enrich- 
ment (Ekb). 

DISCUSSION 

Currently available methods for the determination of 
plasma ketone body inflow kinetics in vivo include either 
invasive measurement of arteriovenous stoichiometry 
across the splanchnic bed or quantitation of 14C-labeled 
ketone body tracer dilution. Neither of these approaches 
satisfies the ethical constraints necessary for investigation 
of ketone body metabolism in certain human groups, 
notably infants and children. Furthermore, the measure- 
ment of 14C specific activity in circulating ketone bodies 
is not only modestly difficult, but also requires separate 
measurements of ketone content in addition to the deter- 
mination of radioactivity in the ketones. Thus, because of 
greater potential for propagated errors, variance in cal- 
culated specific activity is likely to be more than that 
for stable isotope enrichment measurements where the 
labeled and unlabeled substrates are determined simul- 
taneously by the same method. 

Conversely, the use of the tracer [‘H,]OHB and the 
GLC-MS determination of ‘H3 enrichment both in 
3-OHB and in AcAc from microliter plasma samples 
provides a useful approach not only for measurement of 
ketone body flux in newborn infants, children, and preg- 
nant women, but also for determination of ketone turnover 
in small animals via sequential sampling. The excellent 
agreement between the [‘H,]OHB and [ 14C]OHB iso- 
topically determined rates of ketone body appearance 
indicate that both tracers quantify the same in vivo 
kinetic phenomena, and that the deuterons substituted on 
carbon 4 are conserved in the reversible interconversion 
between 3-OHB and AcAc in vivo. The latter conclusion 
is supported by our direct magnetic resonance obser- 
vations of the course of the 3-hydroxybutyrate de- 
hydrogenase reaction in vitro, and by the in vivo studies 
of Reed et al. (19), who showed isotopic equivalence for 
[3-14C] and [4-3H]ketone body tracers in rats. 

We are aware of only one other stable isotope method 
for measurement of ketone body kinetics published 
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TABLE 1 .  

Blood Isotope Enrichment' Specific Activit$ Turnover Rate 

mM 

1 0.70 1.46 
2 0.58 2.30 
3 0.97 2.47 
4 0.57 2.41 
5 0.63 2.07 

Mean 0.69 2.14 
SD 0.16 0.41 

~~~~ 

atom % cxcess 

2.37 2.66 2.56 
2.06 3.15 2.93 
1.60 2.42 2.18 
3.15 4.06 3.89 
3.15 3.81 3.66 

2.47 3.22 3.04 
0.68 0.72 0.72 

~ 

% d p d p m o l  x 

89.0 14.70 18.06 
65.4 12.08 15.18 
66.1 9.37 12.99 
77.6 23.59 28.00 
82.6 22.77 28.83 

76.1 16.50 20.61 
10.3 6.39 7.35 

lo-' 

16.97 
14.56 
11.97 
27.15 
27.42 

19.61 
7.22 

% 

81.4 
79.6 
72.1 
84.3 
79.0 

79.3 
4.5 

pmoWmin 

17.9 19.8 
20.8 17.9 
25.4 24.2 
11.2 13.3 
1 1 . 1  14.2 

17.3 17.9 
6.2 4.4 

'EAcAcr EOHB, and E, are the ['HJ] enrichments in circulating acetoacetate, 3-hydroxybutyrate, and total ketone 
bodies, respectively. The latter value is calculated as 

E,, = EA,c x [AcAcl + b H B  x [30HB] 

P I  [KBI ' 

'SA,,,, S b H E ,  and SA,, are the [3-"C] specific activities of circulating acetoacetate, 3-hydroxybutyrate, and 
total ketone bodies, respectively. The latter value is calculated as 

[AcAc] [30HB] SA,, = SA,,,, x - + S A "  x - 

recently by Miles et al. (18). The present method differs 
from the latter technique as follows. I) Less sample is 
required in the current method. However, since Miles et 
al. (18) also employed ion monitoring GLC-MS analysis, 
it is likely that their sample size requirements could be 
reduced to match those reported here. 2) Miles et al. (18) 
reported neither isotope detection nor precision measure- 
ments. However, these authors used a doubly "C-labeled 
ketone tracer and monitored the [M minus butyl] ion 
cluster of the t-butyldimethylsilyl (t-BDMS) derivative 
(mlz 273 and 275). Since this ionic species contains 12 
carbon atoms, 2 oxygen atoms, and 2 silicon atoms, the 
"background" m+2lm ion current ratio due to natural 
abundance "C, "'0, and ''Si is approximately 8.5%. 
Thus, any ["C2]ketone body tracer enrichment must be 
measured above this natural "background." The present 
method, however, employs a triply labeled ketone tracer 
and the [M-151' ion cluster of a trimethylsilyl derivative. 
The composition of this ion includes 9 carbons and 
2 silicon atoms contributing a natural "background" 
m+3lm ion current ratio of only about 1.2% (3). Miles et 
al. (18) also reported in vitro loss of deuterons from 
synthesized [4,4,4-'H3]acetoacetate. This has not been 
our experience with 3-hydroxy[4,4,4-'H3]butyrate and 
Reed et al. (19) detected no loss of 3-hydroxy[4-'H]buty- 
rate after 18 months at -7OOC. 

It is also important to point out the complementary 
nature of the present method with that of Miles et al. (18). 
Simultaneous m+2/m and m+3/m ion monitoring is a 
routine GLC-MS technique. Thus, one could infuse both 
[3,4-'SCz]acetoacetate tracer (18) and 3-hydroxy[4,4,4- 
'H31butyrate tracer to determine simultaneously the 
kinetics of each ketone body and their rates of inter- 

conversion (22). This highly valuable approach has 
hitherto required separate tracer studies of [ '4C]AcAc and 
["CIOHB on two different days (22). Using ['sC2]AcAc 
and [ 'Hs]OHB, however, individual ketone body kinetics 
could be measured simultaneously in the same study. 
Reed et al. (19) have successfully applied this principle to 
AcAc and 3-OHB kinetic measurements in rats with "C- 
and 'H-labeled ketone bodies. B I  

This work was supported in part by grants HD-10667 and 
RR-00954 from the National Institutes of Health and contract 
PRC INSERM 500-857 and Contrat Ministere de la Recherche 
et de la Technologie 500-876. 
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