Contractile Protein Breakdown in Human Leg Skeletal Muscle as Estimated by
[?H]-3-Methylhistidine: A New Method
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3-Methylhistidine urinary excretion and net balances across the leg or forearm have been used as markers of contractile
protein breakdown in muscle tissue. Here we investigate whether infusion of labeled 3-methylhistidine and the measurement
of the arteriovenous dilution of the tracer with unlabeled 3-methylhistidine will result in more consistent and precise
measurements of 3-methylhistidine rates of appearance and consequently muscle contractile protein breakdown rates in
comparison with conventional arteriovenous concentration difference measurements. Six healthy volunteers were studied in
the postabsorptive state and received a primed continuous infusion of 3-[?H;-methyl]- methylhistidine and L-[ring-*H;]-
phenylalanine for 4 hours. 2H;-3-methylhistidine reached an isotopic steady state after 210 minutes in all subjects. Arterio-
venous differences of 3-methylhistidine, measured by high-performance liquid chromatography (HPLC), showed both uptake
and release from skeletal muscle, which is theoretically not likely to occur. The enrichment of ?H;-3-methylhistidine was
consistently lower in the femoral vein than in the artery, and therefore a constant net release of 3-methylhistidine from the
leg was observed. The mean rates of appearance for 3-methylhistidine and phenylalanine were 0.44 = 0.30 nmol X min~"'
x100 mL~" and 11.2 = 5.7 nmol X min~! X 100 mL™", respectively. In summary, arteriovenous difference measurement of
2H,-3-methylhistidine enrichment is more reliable than measurement of arteriovenous difference of unlabeled 3-methylhis-
tidine. Consequently, measuring rates of appearance from leg muscle using labeled 3-methylhistidine resulted in more

consistent and accurate values of contractile protein degradation rates in human skeletal muscle.

© 2004 Elsevier Inc. All rights reserved.

O STUDY protein metabolism on the tissue levd, it is
necessary to have accurate in vivo assessments of protein
synthesis and degradation simultaneously for tissue proteins,
but also for specific proteins with specific functions. Available
techniques give quantitative or sometimes semiquantitative as
well as qualitative estimates. For measuring protein synthesis
rates there are severa techniques using the incorporation of a
labeled amino acid into a protein or a protein pool of interest to
obtain quantitative estimates. For degradation the situation is
more problematic, and available quantitative techniques depend
on mathematical modeling with a number of underlying as-
sumptions and apply to total tissue protein only.
Measurement of urinary 3-methylhistidine secretion has
been used as a marker of skeletal muscle (contractile) protein
degradation.12 Later, a tracer method to measure whole body
3-methylhistidine production rates for the same purpose was
developed.? 3-Methylhistidine is formed by posttranslational
methylation of histidine in the myofibrillar proteins, actin and
myosin. Following degradation of these proteins, 3-methylhis-
tidine cannot be reutilized (no tRNA for 3-methylhistidine is
present) nor metabolized in humans, and is therefore quantita
tively excreted in the urine. However, when employing this
method, urine needs to be collected quantitatively and over a
prolonged period of time45 which makes measurement of
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acute changes not possible. In addition, human subjects should
refrain from eating meat for at least 3 days before the measure-
ments, because meat contains 3-methylhistidine, which will
also appear in the urine.® In addition, this approach has been
criticized because contractile proteins located in other tissues
(mainly the gut) could theoretically contribute to the urinary
3-methylhistidine secretion.” However, in humans this contri-
bution seems to be minimal .82

To elude many of these potential problems, direct release of
3-methylhistidine from muscle has been measured using the
arteriovenous balance technique.6-81011 The net balance of
3-methylhistidine over the leg or forearm will represent the
actual degradation of contractile proteins. However, 3-methyl-
histidine concentrations in plasma are very low and even when
adapting a sensitive high-performance liquid chromatography
(HPLC) method,*2 the small arteriovenous difference cannot be
detected reliably.

In this experiment we studied healthy volunteers in the
postabsorptive state. The leg was used to represent skeletal
muscle and degradation of contractile proteins was estimated
by measurement of the efflux of 3-methylhistidine. 3-Methyl-
histidine labeled with a stable isotope was infused and the
arteriovenous difference of tracer enrichment, ie, the rate of
appearance, was measured, to calculate the efflux of 3-methyl-
histidine from the leg. Arteriovenous differences in 3-methyl-
histidine concentrations were determined in the same subjects.
The hypothesis tested is that the arteriovenous difference of the
labeled 3-methylhistidine can be measured more accurately
than that of the 3-methylhistidine concentration, which will
result in more consistent and reproducible measures of contrac-
tile protein degradation in leg skeletal muscle.

MATERIALS AND METHODS

Materials

L-[ring-2H]-phenylalanine,  3-[?H;-methyl]-methylhistidine and
L-[alpha,beta,beta,2,3,4,5,6->Hg] -phenylalanine were purchased from
Cambridge |sotope Laboratory (Andover, MA). Tracer infusates were
prepared by the local pharmacy and tested for sterility and pyrogenity.
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Fig 1. Experimental protocol of isotope infusion and blood sampling points. Phenylalanine and 3-methylhistidine tracers were infused in a
forearm vein and blood samples were taken from the radial artery and the femoral vein. Blood flow was measured at the same time as blood

samples were taken.

ubjects

Six healthy male volunteers were studied. Their mean age was 27 =+
5 years (range, 23 to 35), body weight was 83 + 12 kg (range, 75 to
100), height was 184 + 7 cm (range, 175 to 190), and body mass index
was 25 = 2 kg/m? (range, 22 to 28). Calf circumference of the leg used
for blood flow measurements was 404 = 23 mm (range, 370 to 425).
Thelocal ethical committee at Karolinska Institutet approved the study
protocol and the subjects gave their written informed consent. All
subjects were healthy as assessed by a physical examination and blood
chemistry analysis. None of the subjects was taking any medication on
aregular basis.

Sudy Protocol

The subjects reported to the research lab in the morning at 7:30 Am.
No food was alowed after 8 Pm the previous day. The experimental
protocol ispresented in Fig 1. A catheter wasinserted in aforearm vein
for phenylalanine and 3-methylhistidine tracer infusion. For blood
sampling, catheters were inserted in the opposite forearm artery and in
the femoral vein. Leg blood flow was measured in the same leg as the
blood sampling using venous occlusion plethysmography. A prime
continuous infusion of 2Hg-phenylalanine (priming dose, 0.5 mg/kg;
infusion rate, 0.5 mg X kg~* X h™*) and ?H,-3-methylhistidine (prim-
ing dose, 0.045 mg/kg; infusion rate, 0.045 mg X kg™t X h™%) was
started and continued for 4 hours. During the first 2 hours, blood
samples were taken every 30 minutes from the forearm artery and the
femoral vein. Between 120 and 180 minutes, samples were taken every
10 minutes, and between 180 and 240 minutes, every 5 minutes. Plasma
was separated from red blood cells by centrifugation at 600 X g for 15
minutes at 5°C. The plasma samples were frozen immediately and kept
a —80°C until analysis.

Blood flow was measured with every blood sampling by venous
occlusion plethysmography as described previously.1314 Briefly, an
occlusion cuff was placed around the thigh 15 cm above the knee. The
pressure used was 60 mm Hg. A single-strand mercury-in-rubber strain
gauge was wrapped around the calf at the level of maximal circumfer-
ence. The blood flow values expressed as milliliters per minute X 100
mL leg volume represent the mean of at least 9 separate readings.
During the first 3 hours of the study, measurement of blood flow was
performed during 7 minutes immediately after the blood sampling.
Blood flow was measured continuously between 180 and 240 minutes,
except for a short break during the period the blood samples were
drawn. The multiple readings had a coefficient of variation (CV) of
16.6% * 3.5% and the mean values of the blood flow between
individuals had a CV of 10.2% =+ 3.3%. The temperature of the room

was constant between 20 and 21°C. Plasma flow was calculated from
the blood flow and hematocrit.

Sample Analysis

For measurement of 2H,-3-methylhistidine and 2Hs-phenylalanine
enrichment and phenylalanine concentrations, the plasma samples were
deproteinized in 1 mol/L perchloric acid, containing 20 umol/L of
2Hg-phenylalanine as internal standard. Samples were prepared as
previously described to determine the enrichment of phenylalanine.’s
Briefly, the amino acids in the perchloric acid extract were purified by
cation exchange columns (AG-50 resin, Bio-Rad, Sundbyberg, Swe-
den). The eluent was dried over night. The residue was dissolved in
N-methyl-N-(tert-butyldimethylsilyl)-trifluoroacetamide (MTBSTFA)
(Regis Technologies, Morton Grove, IL) and acetonitrile (1:1). The
samples were heated for 30 minutes at 80°C to prepare the tert-
butyldimethylsilyl (tBDMS) derivative of the amino acids. Mass-to-
charge ratios (m/z) of 336, 341, and 344 for phenylalanine and 238 and
241 for 3-methylhistidine were measured on a quadruple gas chro-
matograph—mass spectrometer (GC-MS) (Agilent 5973n, Agilent
Technologies, Stockholm, Sweden). The CVs for enrichment analysis
were 3.6% and 2.8% for 3-methylhistidine and phenylaanine, respec-
tively.

3-Methylhistidine concentration was analyzed by a HPLC method
described previously.12 Briefly, plasma samples were deproteinized in
3% sulfosalisylic acid-2-hydrate containing 80 wmol/L norvaline as
internal standard. 3-Methylhistidine was analyzed using pre-column
derivatization with ortho-phtaldialdehyde/3-mercaptopropionic acid
(OPA/3-MPA) on a HPLC system (Alliance, Waters 2690, fluores-
cence detector Waters 474; Waters, Stockholm, Sweden). The CV for
concentration analysis of 3-methylhistidine was 1.8 %.

Calculations

Net balances (NB) of amino acids across the leg were calculated as:
NB = (C, — C,) X PF, where C, and C, are the amino acid
concentrations (wmol/L) in the artery and the femoral vein, respec-
tively, and PF is plasmaflow. NB is expressed as nmol X min~* X 100
mL~* leg tissue.

In case of 3-methylhistidine, since there is no consumption (or
utilization) of this compound in the skeletal muscle, the net balance of
the labeled 3-methylhistidine tracer should be equal to zero. Therefore:

CaXEy—CyXE,=0 Q)
Thus:

Cy = Cp X EAJEy )
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Fig 2. Arterial and venous isotope enrichment of 2H;-3-methylhis-
tidine (3-MeHis) in plasma expressed as atom percent excess (APE)
during a constant infusion over 240 minutes in healthy volunteers
(n = 6) in the postabsorptive state. Mean + SD.

Where E, and E,, are the tracer atom percent excess (APE) in artery
and femoral vein, respectively.

Theoreticaly, the net release of 3-methylhistidine or its appearance
rate (Ra) should be:

Ra= (C, — C,) X PF (3

By substituting C,, in equation (2) into (3), we can reach the following
equation:

Ra= (Cy X EA/Ey — Cp) X PF = C, X (EA/Ey — 1) X PF

Ra s the rate of appearance (nmol X min~* X 100 mL™?%).

For the phenylalanine tracer, the net isotopic labeled phenylaanine
balance across the leg muscle, ie, C, X E, — C, X E,, is not equal
to zero because a fraction of the artery-delivered phenylalanine tracer
would disappear in the leg for protein synthesis Therefore, the rate of
appearance for phenylalanine was calculated as:

Ra=Cy X (1 — [Ey/EA]) X PF

Whole body rates of appearance (umol X kg™t X h™%) were
calculated as: F (E/E, — 1), where E; is the enrichment of the tracer
infused, Ep is the enrichment in the artery at plateau, and F is the
infusion rate of tracer.

Satistical Analysis

All data are given as means = SD. Student’s t test was used to
determine whether fluxes were different from zero and multiple regres-
sion was used to determine correlation 3-methylhistidine and phenyl-
danine flux (Statistica, StatSoft Inc, Tulsa, OK).

RESULTS

The arterial and venous enrichments of 2H,-3-methylhisti-
dine increased up to 210 minutes in healthy volunteers (Fig 2).
Isotopic steady-state was present for both arterial and venous
plasma enrichment during the last 30 minutes in all subjects.
Enrichment in the femoral vein was lower than in the artery for
al 6 healthy volunteers, with a mean value during isotopic
steady-state of 43.2 = 7.2 APE and 46.2 = 7.0 APE, respec-
tively.

The mean plasma concentrations of 3-methylhistidine in the
artery and femoral vein were 5.7 = 0.4 and 5.6 = 0.3 umol/L,
respectively. Arteriovenous differences of 3-methylhistidine
were very variable, resulting in net balances showing both
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release and uptake of 3-methylhistidine (Fig 3). Net balances
were not significantly different from zero.

Isotopic steady-state for ?H-phenylalanine was reached af-
ter 120 minutes. The enrichments of Hg-phenylalanine in the
6 healthy volunteers during the last 30 minutes were 7.2 + 1.2
APE and 59 * 1.2 APE in the artery and femora vein,
respectively. The mean value of phenylalanine plasma concen-
trations in the artery and femoral vein were 59.4 + 8.3 and
63.6 = 8.4 umol/L, respectively.

The mean rates of appearances for 3-methylhistidine (Fig
4A) and phenylaanine (Fig 4B) during isotopic steady-state
were significantly different from zero. The mean rates of ap-
pearance for 3-methylhistidine and phenylalanine were 0.44 +
0.30 nmol X min~* x 100 mL~* and 11.2 + 5.7 nmol X
min~* X 100 mL ™%, respectively.

Plasma flow did not change significantly during the study.
The changes seen in amino acid fluxes between time points and
subjects were mainly due to alterations in the arteriovenous
differences.

Mean values for the whole body rates of appearance of
3-methylhistidine and phenylalanine during steady-state were
0.30 + 0.08 wmol X kg™ X h™* and 36.6 = 7.1 umol X
kg™t X h™2, respectively.

DISCUSSION

Theoretically, arteriovenous fluxes of 3-methylhistidine
should aways be negative, since protein-bound methylated
histidine released during protein degradation cannot be reuti-
lized for protein synthesis nor metabolized by humans. How-
ever, arteriovenous differences of 3-methylhistidine measured
in the present study by HPLC are sometimes positive, indicat-
ing a net uptake of 3-methylhistidine, and even alternating
between uptake and release within the same subject. In con-
trast, a consistent release of 3-methylhistidine was obtained by
infusing a 3-methylhistidine tracer, measuring the arterio-
venous difference of this tracer, and caculating the dilution of
this tracer by unlabeled 3-methylhistidine over the leg (rate of
appearance of 3-methylhistidine).

The main reason for obtaining more consistent results when
using the tracer, isthat the arteriovenous difference of the tracer
can be measured more accurately than the arteriovenous dif-
ference in concentration of the tracee. The arteriovenous dif-
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Fig 3. 3-Methylhistidine (3-MeHis) net balances (NB) across the
leg in healthy volunteers (n = 6) in the postabsorptive state. Balances
were not significantly different from zero.
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Fig 4. Rates of appearance (Ra) of (A) 3-methylhistidine and (B) phenylalanine from the leg at steady-state in healthy volunteers (n = 6) in
the postabsorptive state. Mean rates of appearance for both amino acids were significantly different from zero.

ference of 3-methylhistidine concentrations was only 0.6% of
the arterial concentration in the 6 subjects. Thisis several times
lower than the analytical precision of the HPLC analysis, which
was 1.8%. In comparison, the mean arteriovenous difference
for the tracer was 6.4% of the arterial enrichment, which was
higher than the analytical precision of 3.6% for the tracer
measurement on the GC-MS.

Although, addition of a tracer made the measurement of
3-methylhistidine releases by leg muscle more consistent and
lessvariable, the CV of the 7 measurementsin each subject was
gtill 52% =+ 24%. Calculating the cumulative mean values
showed that 4 measurements of the 3-methylhistidine rate of
appearance need to be made during isotopic steady state to
minimize the scatter of the values (Fig 5A and B). The cumu-
lative mean was cal culated by taking the mean of an increasing
number of measurements until this mean value was stable. In
addition, the small variation in the cumulative mean and espe-
cialy the small variation in the cumulative standard deviation
confirm that an isotopic steady-state was achieved for the
labeled 3-methylhistidine.

The 3-methylhistidine whole body rate of appearance in the
6 subjects studied was 0.30 = 0.08 wmol X kg~* X h™™
Assuming a physiological steady-state, this should be equa to
the rate of disappearance and, since 3-methylhistidine is not
metabolized, to urinary 3-methylhistidine secretions rates. The
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rate of appearance found in these 6 subjects amounted to 620 +
155 umol/d. Thisvalueis higher than 3-methylhistidine urinary
secretion rates normally reported in the literature, which range
from 210 to 426 wmol/d.>1617 However, in the present study
we studied young male subjects with a mean body weight of 87
kg, who were not controlled for dietary meat intake before the
study. Since male subjects have a higher urinary 3-methylhis-
tidine secretion than females'® and dietary meat might increase
the urinary secretion by up to 58%,7 the subjectsin the present
study were likely to have a high 3-methylhistidine turnover.
Whole body rate of appearance measured with abolus injection
of labeled 3-methylhistidine and compartmental modeling is
reported to be 0.13 umol X kg~* X h™%.3 Thisis lower than
measured in the present study due to the same reasons men-
tioned above. However, the present protocol was designed to
accurately measure 3-methylhistine production over leg muscle
and not to measure whole body production rates. Studies should
be designed differently with strict dietary control if whole body
measurements are of interest aswell. For just measuring the leg
muscle production rates, no interference from dietary behavior
should be anticipated, which is an advantage.

Assuming a 3-methylhistidine content in human skeletal
muscle of 4.2 umol/g total protein,1819 the average net loss of
contractile protein from leg muscle in the present study can be
calculated to be 105 g protein X min~* X 100 mL~* of leg
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Fig 5. Cumulative values of (A) means and (B) standard deviations of 3-methylhistidine rate of appearance (Ra) at steady-state in healthy
volunteers (n = 6) in the postabsorptive state. Cumulative mean and SD were calculated by taking the mean and SD of an increasing number
of measurements, starting at 210 minutes.
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tissue in the healthy young subjects. If 100 mL of leg tissue
contains 68 g of muscle2® which contains 13.6 g of protein, the
fractional breakdown rates of contractile proteinsin leg muscle
of young male subjects can be calculated to be 0.046%/h. This
value is close to the fractional synthesis rates of myosin heavy
chain (0.047 %/h) and actin (0.075 %/h) measured previously
in young healthy subjects.21.22

The 3-methylhistidine rate of appearance over the leg sig-
nificantly correlated with the rate of appearance of phenylala
nine (R = 0.96, P < .005). Phenylalanine is released from
breakdown of al proteins, which to a large extent consist of
contractile proteins in skeletal muscle. Therefore, this correla
tion suggests that the measurement of 3-methylhistidine rate of
appearance is a reliable measure of protein breakdown rates in
human skeletal muscle. The same blood flow value was used in
the calculation for both measurements, but multiple regression
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analysis showed that the correlation was not dependent on
blood flow. Still, this result needs to be confirmed in a larger
group of subjects.

In summary, measurements of 3-methylhistidine rate of ap-
pearance from leg muscle using labeled 3-methylhistidine re-
sulted in consistent and accurate values of contractile protein
degradation rates in humans. As compared to measurement of
concentration differences of 3-methylhistidine across the leg,
this method offers clear advantages. This new technique can be
recommended to study loss of protein mass and specificaly
contractile proteins from skeletal muscle in human pathology.

ACKNOWLEDGMENT

We thank the research volunteers for their participation in the study.
We appreciate the excellent nursing skills of Viveka Gustavsson and
Inga Helstrom at the Department of Anesthesiology at Huddinge Uni-
versity Hospital.

REFERENCES

1. Young VR, Havenberg LN, Bilmazes C, et al: Potential use of
3-methylhistidine excretion as an index of progressive reduction in
muscle protein catabolism during starvation. Metabolism 23:1429-
1436, 1973

2. Long CL, Haverberg LN, Young VR, et a: Metabolism of
3-methylhistidine in man. Metabolism 24:929-935, 1975

3. Rathmacher JA, Flakoll PJ, Nissen SL: A compartimental model
of 3-methylhistidine metabolism in humans. Am J Physiol 269:E193-
198, 1995

4. Williamson DH, Farrell R, Kerr A, et al: Muscle-protein catab-
olism after injury in man, as measured by urinary excretion of 3-meth-
ylhigtidine. Clin Sci Mol Med 52:527-533, 1977

5. Neuhauser M, Bergstrom J, Chao L, et a: Urinary excretion of
3-methylhistidine as an index of muscle protein catabolism in postop-
erative trauma: The effect of parenteral nutrition. Metabolism 29:1206-
1213, 1980

6. Sjolin J, Stjernstrom H, Henneberg S, et a: Evaluation of urinary
3-methylhistidine excretion in infection by measurements of 1-meth-
ylhistidine and the creatinine ratios. Am J Clin Nutr 49:62-70, 1989

7. Rennie MJ, Millward DJ: 3-Methylhistidine excretion and the
urinary 3-methylhistidine/creatinine ratio are poor indicators of skeletal
muscle protein breakdown. Clin Sci 65:217-225, 1983

8. Sjolin J, Sfjernstrom H, Henneberg S, et a: Splanchnic and
peripheral release of 3-methylhistidine in relation to its urinary excre-
tion in human infection. Metabolism 38:23-29, 1989

9. Long CL, Dillard DR, Bodzin JH, et a: Validity of 3-methylhis-
tidine excretion as an indicator of skeletal muscle protein breakdown in
humans. Metabolism 37:844-849, 1988

10. §dlin J, Stjernstrdom H, Arturson G, et a: Exchange of 3-meth-
ylhistidine in the splanchnic region in human infection. Am J Clin Nutr
50:1407-1414, 1989

11. Svanberg E, Moller-Loswick AC, Matthews DE, et al: Effects of
amino acids on synthesis and degradation of skeletal muscle proteinsin
humans. Am J Physiol 271:E718-724, 1996

12. van Eijk HM, Deutz NE, Wagenmakers AJ, et a: 3-Methylhis-
tidine determined in plasma by “high-performance” lipid chromatog-
raphy. Clin Chem 36:556-559, 1990

13. Corbally MT, Brennan MF: Noninvasive measurement of re-
giona blood flow in man. Am J Surg 160:313-321, 1990

14. Vesadi RF, Klaude M, Rooyackers OE, et a: Longitudina
pattern of glutamine/glutamate balance across the leg in long-stay
intensive care unit patients. Clin Nutr 21:505-514, 2002

15. Chaves Das Neves HJ, Vasconcelos AM: Capillary gas chro-
matography of amino acids, including asparagine and glutamine: Sen-
sitive gas chromatographic-mass spectrometric and selected ion mon-
itoring gas chromatographic-mass spectrometric detection of the
N,O(S)-tert-butyldimethylsilyl derivatives. J Chromatogr 392:249-258,
1987

16. Kim CW, Okada A, ltakura T, et a: Urinary excretion of
3-methylhistidine as an index of protein nutrition in total parenteral
nutrition. JPEN J Parenter Enteral Nutr 12:198-204, 1988

17. Sjdlin J, Hjort G, Friman G, et a: Urinary excretion of
1-methylhistidine: A qualitative indicator of exogenous 3-methyl-
histidine and intake of meats from various sources. Metabolism
36:1175-1184, 1987

18. Bilmazes C, Kien CL, Rohrbaugh DK, et a: Quantitative con-
tribution by skeletal muscle to elevated rates of whole-body protein
breakdown in burned children as measured by N tau-methylhistidine
output. Metabolism 27:671-676, 1978

19. Bilmazes C, Uauy R, Haverberg LN, et a: Muscle protein
breakdown rates in humans based on Ntau-methylhistidine (3-methyl-
histidine) content of mixed proteins in skeletal muscle and urinary
output of Ntau-methylhistidine. Metabolism 27:525-530, 1978

20. Biolo G, Chinkes D, Zhang X-J, et a: A new method to
determine in vivo the relationship between amino acid transmebrane
transport and protein kinetics in muscle. JPEN J Parenter Enteral Nutr
16:305-315, 1992

21. Balagopal P, Rooyackers OE, Adey DB, et a: Effects of aging
on in vivo synthesis of skeletal muscle myosin heavy-chain and sar-
coplasmic protein in humans. Am J Physiol 36:E790-800, 1997

22. Hasten DL, Morris GS, Ramanadham S, et a: Isolation of
human skeletal muscle myosin heavy chain and actin for measurement
of fractional synthesis rates. Am J Physiol 275:E1092-1099, 1998



	Contractile Protein Breakdown in Human Leg Skeletal Muscle as Estimated by [2H3]-3-Methylhistidine: A New Method
	MATERIALS AND METHODS
	Materials
	Subjects
	Study Protocol
	Sample Analysis
	Calculations
	Statistical Analysis

	RESULTS
	DISCUSSION
	ACKNOWLEDGMENT
	REFERENCES


