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THE EVALUATION OF THE REPEATABILITY OF THE
BC-KETOISOCAPROATE BREATH TEST FOR ASSESSING HEPATIC
MITOCHONDRIAL FUNCTION.

ABSTRACT

The *C-ketoisocaproate ('*C-KICA) breath test (BT) has been recently
proposed as a non-invasive test for assessing hepatic mitochondrial
function. Results of the ?C-KICA BT can be expressed as different
parameters. However, the best parameter for expressing the *C-KICA BT
result is uncertain which hinders use of the BT in routine clinical practice.
We have investigated the repeatability of different parameters of *C-
KICA BT. Thirteen healthy adult subjects (5 men and 8 women)
underwent a °C-KICA BT on two occasions separated by a gap of
approximately 30 days. There were no significant differences between the
repeated measurements for all the parameters of the *C-KICA BT over 30
days. Furthermore, the Bland Altman statistics showed no fixed or
proportional bias for any of the parameters of the *C-KICA BT. The
cumulative *C-dose enrichment over 60 min had the lowest within subject
variability of 12% compared to all other parameters of the *C-KICA BT.
The cumulative *C-dose enrichment over 60 min could be a very useful
parameter for the *C-KICA BT to detect impaired hepatic mitochondrial

function in patients with chronic liver diseases.

Keywords: *C-ketoisocaproate breath test, hepatic mitochondrial function, non-
alcoholic fatty liver disease, cumulative BC-dose enrichment over 60 min,

repeatability, Bland Altman statistics, within subject variability.



1. Introduction
The *C-ketoisocaproate ('*C-KICA) breath test (BT) has been recently proposed as a
non-invasive test for assessing changes in hepatic mitochondrial function in people with

non-alcoholic fatty liver disease (NAFLD) [1, 2].

Studies comparing results following oral and intravenous administration of '*C-KICA in
healthy subjects provide robust evidence that the >C-KICA BT (following the oral
administration of ?C-KICA) measures hepatic and not muscle decarboxylation of "*C-
KICA and thus is highly specific for testing hepatic mitochondrial function [3, 4]. The
results of the ?C-KICA BT can be expressed as different parameters such as *C-dose
enrichment in exhaled breath, percent B(C-dose recovered in exhaled breath, or as
cumulative percent *C-dose recovered in exhaled breath (cPDR) over a defined period
of time. Previous studies have shown that the time of peak exhalation of >CO, after the
oral administration of *C-KICA was between 50 to 60 min [4, 5] and therefore the
cPDR over 60 min has been used to express the results of the *C-KICA BT [2, 6].
However, there is uncertainty about what is the optimum outcome parameter and the
time span over which to conduct the *C-KICA BT. To date, only a few studies have
tried to determine the best parameter for expressing the *C-KICA BT [4, 5, 7]. Results
from these studies have suggested that the cPDR over 2 hr offered the best repeatability
while only one study showed no improvements in repeatability of cPDR measured
beyond 60 min. Therefore, there is a need for more studies to validate the repeatability
of PC-KICA BT when expressed as cPDR over the first 60 min, since ?C-KICA BT
measurements up to 60 min best reflect hepatic, rather than muscle mitochondrial
function. Furthermore, the effect of other factors on the repeatability of the ?C-KICA

BT such as the time frame between measurements in subjects and the sex of the subjects



is uncertain [7, 8]. We have investigated the optimum measurement of *C-KICA BT
that shows best repeatability over 60 min. The specific aim of the study was to
determine which parameter of the *C-KICA BT showed the best repeatability for its

potential use in assessment of hepatic mitochondrial function in clinical practice.



2 Materials and Methods

This study was carried out according to Good Clinical Practice and the Declaration of
Helsinki. The research protocol was approved by the Southampton and South West
Hampshire local research ethics committee (15/SC/0619) and written informed consent

was obtained from all subjects prior to their participation.

2.1  Subjects

Thirteen healthy subjects, (5 men and 8 women, mean (+ SD) age of 44 + 15.4 years
and mean BMI (+ SD) of 24.3 + 4.4 kg/m?) underwent the >C-KICA BT protocol on
two occasions with a gap of approximately 30 days between each test. The inclusion
criteria for recruitment of healthy volunteers were: men and women, age >18 years, no
medical history of chronic liver disease, not taking any prescribed medications, and
alcohol consumption <14 units/week for women and <21 units/week for men. The
exclusion criteria included alcohol consumption (>14 units/week for women and >21
units/week for men) and surgery affecting the digestive tract anatomy, with the
exception of appendectomy. The presence of liver fat or liver fibrosis was ascertained
by use of transient elastography (FibroScan, Echosens, Paris, France) performed by a
trained clinician (ES). The Controlled Attenuation Parameter (CAP) (db/M)
measurement was assessed and a threshold of CAP score of > 248dB/M was applied to
diagnose the presence of liver fat [9]. The technical background for CAP has been
previously described in detail [10] and the results are expressed in dB/m. The liver
stiffness measure (kPa) was assessed as a proxy measure of liver fibrosis and the details
of the technical description and examination procedure have been described previously
[11]. Results are expressed as the median value in kilopascals (kPa) [12].

Anthropometric measurements such as Body Mass Index (BMI) was recorded along



with biochemical measurements such as alanine aminotransferase (ALT), alkaline
phosphatase (ALP), bilirubin and total protein in fasting serum using commercially

available kits according to the manufacturers' instructions.

2.2 '3C-ketoisocaproate breath test (*C-KICA BT) protocol

The C-KICA BT was undertaken twice in healthy subjects (separated by
approximately 30 days) in order to assess the repeatability of the test. Subjects refrained
from alcohol for 24 hr and fasted overnight for at least 12 hr prior to each test. All
subjects were at rest for the duration of the study and remained fasted throughout. On
the morning of the study, to standardize CO; production, subjects were asked to lie
down on a bed and carbon dioxide produced (VCO,) at rest was measured by indirect
calorimetry (GEM Nutrition, UK) for 25 minutes prior to the start of the *C-KICA BT
protocol. Paired breath samples for baseline measurement of isotopic abundance were
collected from each subject exhaling directly into 12 ml Exetainer breath tubes
(LABCO Ltd, High Wycombe, UK) via straws. Each subject then ingested a solution
containing 1 mg/kg body weight of 2-keto-[1-">C]-isocaproic acid (99% -'"°C;
Cambridge Isotopes, USA) along with 20 mg/kg body weight of L-leucine (Sigma) in
200 ml of water. Further paired breath samples were collected every 10 min for 60 min.
The measurement of '°C abundance in each breath sample was carried out by
Continuous Flow Isotope Ratio Mass Spectrometry (CF-IRMS, ABCA System,
SERCON, Crewe, UK). The *C-dose enrichment (atom % excess) on breath as >CO,

was calculated from the *C-abundance measurements according to Equation 1:

B3C-dose enrichment on breath (atom % excess) = delta over baseline (DOB) x Rppp %

100/1000 (1)



Where DOB is defined as the difference between the basal >C abundance of breath CO,
before administration of > C-ketoisocaproate (Ounenriched) and the 3C-abundance of
breath CO; at a time point after administration (Oenriched), relative to Vienna Pee Dee

Belemnite (PDB).

DOB = aenriched - Ounenriched

and Rppp = 0.0112372 which is defined as the *C/"*C isotopic ratio of Vienna Pee Dee

Belemnite.

The cumulative *C-dose enrichment on breath over n time points up to time t (atom %

excess) was calculated using the trapezoidal method [13] according to Equation (2).

Cumulative *C-dose enrichment on breath over time t (atom % excess) = Breath *C-
dose enrichment (, + Breath °C-dose enrichment (,.1y/ 2 x change in time t (min) +

cumulative breath *C-dose enrichment (.. 2

The percent *C-dose recovered on breath per min (PDR/min) and the cumulative
percent *C-dose recovered on breath over 60mins (cPDR over 60 min) were expressed
as a percentage of the administered >C-KICA dose and were calculated using the *C-

dose enrichment (atoms % excess) according to Equation (3):

PDR/min (%) = Atom % excess X VCO, (mmol/min) x 100 / Dose (mmol)  (3)



where the volume of CO; output (VCO; in mmol/min) is measured by indirect

calorimetry.

Dose (mmol) = *C-KICA substrate administered (mmol) x n x P/100 (4)

where P="C isotopic purity (%) of *C-substrate and n = number of "°C atoms per

molecule of *C-KICA substrate.

The cPDR over the n time points up to time t (%) was calculated using the trapezoidal

method [13] according to Equation (5):

cPDR over time t (%) = [PDR(,, + PDR(,.1y}/2 x change in time (min) + cPDR .1y (5)



2.3  Statistical analysis

Data are presented as means = SDs if normally distributed. A linear-mixed effects
model analysis for repeated measures was undertaken in order to explore the effect of
sex and time on the parameters of the *C-KICA BT. The linear mixed effects model
was constructed with each parameter of the '>’C-KICA BT with sex, visit and sex-by-
visit interaction as fixed effects. Visit was defined as the two occasions when the *C-
KICA BT was undertaken in healthy subjects (separated by approximately 30 days) in
order to assess the repeatability of the test. A repeated co-variance structure of scaled
identity was used in the linear mixed model analysis. The estimates of fixed effects on
each parameter of the ?C-KICA BT were calculated using restricted maximum
likelihood. The primary tests of interest in the linear mixed effects model analysis were
the significance of sex, visit and sex-by-visit interaction on each parameter of the "*C-

KICA BT.

The repeatability of the '*C-KICA BT was assessed using the method of Bland and
Altman to check for the presence or absence of any proportional or fixed bias in each
parameter of °C-KICA BT and where 95% of the differences or limits of agreement
(LOA) lie between + 1.96 x SD of the mean difference. The coefficient of repeatability
(COR) which is the value below or equal to which the absolute differences between two
measurements of the *C-KICA BT would lie with 0.95 probability was calculated [14]

according to Equation (6):

z-score x SD of differences x 2" (6)
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where the z-score =1.96 (i.e., the z-score for 95% confidence with a two-tailed p <

0.05).

The repeatability of the '*C-KICA BT parameters was also expressed as the within

subject coefficient of variation (COV) for paired examinations [15].

The minimum detectable change (MDC) which is the minimal amount of change
outside of the measurement error that reflects a significant change in each *C-KICA BT
parameter within a subject rather than due to random variation was calculated [16]

according to Equation (7):

z-score x Standard error of the Mean (SEM) x 22 (7)

where the z-score = 1.96 (i.e., the z-score for 95% confidence with a two-tailed p <

0.05).

Data were analysed using Statistical Package for the Social Sciences (SPSS) Version
21.0 (IBM, New York, USA). Comparison of continuous variables between groups was
performed with Students t-tests for normally distributed data. Univariate associations
between anthropometric, biochemical and other measures of liver fat and fibrosis and
the ?C-KICA BT were investigated using either the Spearman’s rank correlation for

non-normally distributed data or Pearson’s correlation for normally distributed data.
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3 Results

The clinical and anthropometric measurements of 13 healthy subjects (5 men and 8
women) on the first visit are shown in table 1. Men had significantly higher body
weight and higher plasma concentrations of ALP and total protein compared to women
(all p <0.05), while there were no significant differences in BMI, ALT, bilirubin,
albumin, liver stiffness, CAP scores and the *C-KICA BT result between men and
women. Furthermore, univariate associations between the ?C-KICA BT and the clinical
measurements in healthy subjects were investigated and showed that there were no
significant correlations between the results of the *C-KICA BT and any of the clinical
measurements: ALT (r=-0.32, p=0.3), ALP (r =-0.1, p=0.75), bilirubin (r = 0.04, p
=0.9), albumin (r = 0.00, p = 1.0), Total protein (r = -0.14, p = 0.64), liver stiffness

score (r =0.04, p=0.9) and CAP scores (r=0.17, p=0.6).

The time course of the recovery of the '°C-label on the breath in 13 healthy subjects
after the oral administration of "?C-KICA on 2 occasions (visits 1 and 2) and expressed
as the percent *C-dose recovered per min on breath is shown in figure 1. Each visit
showed a rapid appearance of *C-label on breath which peaked within 30 min and
declining slowly thereafter. There was no significant difference in the PDR at 60 min
(visit 1 0.33 £0.06 % vs visit 2 0.31 = 0.05%; p = 0.3). Furthermore, there were no
significant differences between the repeated measurements of the '*C-KICA BT
expressed as cumulative percent *C-dose recovered over 60 min between men and
women (17.5 +2.8% versus 19.71 + 4.5%; p = 0.2) although there was a trend towards

. 1 . . .
an increased *C-KICA oxidation in women compared to men.
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The results of the linear mixed effects model analysis for repeated measures for
parameters of the *C-KICA BT are shown in table 2. This analysis showed that across
all the parameters of the *C-KICA BT (cumulative *C-enrichment over 60 min,
percent *C-dose recovered at 60 min and cumulative percent >C dose recovered over
60 min), there was no significant effect of sex and time, nor was there any interaction

between sex and time, on the repeated measures for parameters of *C-KICA BT.

The Bland and Altman plots for the parameters of the '>C-KICA BT expressed as the
percent *C-dose recovered per min and cumulative percent °C dose recovered over 60
min are shown in figure 2. The plots showed that twelve out of thirteen data points fell
within the 95% limits of agreement (LOA) for the percent *C-dose recovered per min.
However, for the cumulative percent *C-dose recovered over 60 min (cPDR over
60mins), all 13 data points were within the 95% LOA. Furthermore, in table 2, the
Bland Altman statistic showed no fixed or proportional bias for any of the parameters

for expressing the *C-KICA BT.

Data on the repeatability of the parameters of the *C-KICA BT such as the within-
subject coefficient of variation (COV), coefficient of repeatability (COR) and minimum
detectable change (MDC) are shown in table 2. The cumulative *C-dose enrichment
over 60 min had the lowest within subject COV of 12% with a COR of 0.4 atoms %
excess and MDC of 0.11 atoms % excess when compared to the other parameters of the

3C-KICA BT.
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4 Discussion

The results of this study show that the *C-KICA BT over 60 min has excellent
repeatability over the period of approximately 4 weeks that separated the two *C-KICA
BTs. Our data suggest that the cumulative *C-dose enrichment on breath over 60 min
was the most repeatable parameter for assessing hepatic mitochondrial function. By
using only a 30 day separation between the two BTs, the repeatability of the BT
measurements was unlikely to be influenced by physiological changes affecting hepatic

mitochondrial function in each subject undergoing repeat testing.

In this study, we have determined the most repeatable parameter of the *C-KICA BT
for assessing hepatic mitochondrial function. As suggested in a previous study [17], one
of the most important requirements for all *C-liver function BT is to provide consistent
and repeatable results. In addition, the choice of the most convenient parameter for the
PC-KICA BT will involve achieving a balance between minimising the variability of
the parameter within individuals, increasing the ability of the *C-KICA BT to reliably
detect impaired hepatic mitochondrial function and the practicality of completing the
BC-KICA BT with minimal subject effort. Our data show that the cumulative *C-dose
enrichment over 60 min had the lowest within subject variability compared to other
parameters of the *C-KICA BT. The low within subject variability of the cumulative
B3C-dose enrichment in breath over 60 min without measuring the VCO, could allow a
more useful application of the *C-KICA BT for assessing hepatic mitochondrial
function. This is because having access to indirect calorimetry to measure the VCO; and
its associated costs may be limited in the clinical setting and therefore could have a
significant impact upon the translation of the ?C-KICA breath test from a research

setting into clinical practice. However, there is still a need to determine whether the
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omission of CO, production from calculating the results of the *C-KICA BT will alter
the diagnostic power to detect impaired hepatic mitochondrial function in subjects
(especially if there are marked differences in CO, production between individuals)

compared to cPDR over 60 min, which is normalised for CO, production.

Previous studies [5, 18] have shown the time course of the °CO, excretion profile with
an early peak between 30-40 min followed by a slow decline as confirmed by the
current observations. Our study showed that there was no significant relationship
between the clinical measurements of liver function and hepatic mitochondrial function
assessed by the ?C-KICA BT in healthy subjects. In addition, our data showed no
significant differences in the results of the *C-KICA BT between men and women or
with repeated measurements separated by 4 weeks. Although no significant differences
in the results of the *C-KICA BT were observed between men and women, the hepatic
mitochondrial metabolism of *C-KICA after the oral administration tended to be higher
in women than men. Our finding was also consistent with that observed in earlier
studies [8, 18, 19] indicating a possible effect of sex hormones on hepatic mitochondrial
function in women. However, a recent study has shown that differences in the kinetic
parameters of the *C-KICA BT between men and women was nullified when the
results of the ?C-KICA BT were adjusted for body composition [4]. Therefore, the
effect of sex on the kinetic parameters of *C-KICA BT before and after adjusting for
body composition requires further investigation in order to establish normal ranges for

the *C-KICA BT in men and women.

The assessment of hepatic mitochondrial function can be performed by using other *C-

liver function breath tests that utilise the hepatic metabolism of other '*C-metabolic
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probes such as *C-glycine and *C-methionine. However in this study, we chose *C-a-
ketoisocaproate due to its less complicated and specific metabolic pathway in the
hepatic inner mitochondrial membrane [20] compared to that of *C-glycine and "*C-
methionine [21, 22]. Furthermore, the high metabolic demand for glycine and
methionine under different pathological states or metabolic states makes using these
alternative *C-metabolic probes unsuitable for assessing hepatic mitochondrial function

directly.

Our study had some limitations that should be considered. First, we studied only a
relatively small number of men and women; thus, the study lacked power to identify
any small differences that might exist between men and women. Secondly, we did not
extend the test beyond 60 min and so cannot comment on the repeatability of the test
beyond this time point. That said, we aimed to assess hepatic rather than muscle
mitochondrial function and therefore chose to terminate the test at 60 minutes. Thirdly,
we studied healthy subjects and it is not clear to what extent the findings may relate to

those with liver injury or disease.
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5 Conclusions

In our study, we have shown that the *C-KICA BT over 60 min is highly repeatable
over 30 days in healthy subjects. It may be possible to simplify the *C-KICA BT by
expressing results as cumulative *C-dose enrichment on breath over time avoiding the
need to estimate the VCO, in individuals, which could make the test better suited to
clinical practice. However, the effect of not estimating the VCO, on the performance of
the test to detect impaired hepatic mitochondrial function in patients with chronic liver

diseases will need to be determined.
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TABLE 1 Characteristics of the study population and anthropometric and clinical
parameters measured at the screening visit (Visit 1).

Abbreviations: - ALT- Alanine aminotransferase, ALP-Alkaline phosphatase, CAP —
Controlled attenuation parameter, "C-KICA - *C-ketoisocaproate, cPDR - cumulative
percent °C-dose recovered on breath. All values are presented as mean + SD. * -
significant differences at p < 0.05.
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FIGURE 1 Kinetic curves representing the time course of the % *C-KICA dose
recovered on breath (PDR) per min during the *C-KICA breath test in 13 healthy
subjects on two occasions (visits 1 and visit 2) 30 days apart. All values are presented as
mean + SEM.
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FIGURE 2  Plot of differences between pairs versus their means of (A) % *C-KICA
dose recovered on breath at 60 mins and (B) cumulative % “C-dose recovered (cPDR)
on breath over 60mins for the ?C-KICA breath test.

The dashed lines denote borders of the 95% confidence intervals plotted as 95% limits
of agreement (LOA) for the lower boundary (LB) and upper boundary (UB) while the
solid lines denote the mean differences between the repeated measurements of the
parameters of ?C-KICA breath test.
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TABLE 2 Comparison of different parameters of the *C-KICA breath test ('*C-
KICA BT) by linear mixed model analysis with repeated measures and measures of
repeatability of different parameters of the *C-KICA BT. This table shows a linear
mixed effects model with estimates and p-values of fixed effects of sex, visit and sex x
visit interaction on the parameters of *C-KICA BT.

Abbreviations: standard deviation (SD), limit of agreement (LOA), confidence interval
(CI), lower boundary (LB), upper boundary (UB), coefficient of variation (COV),
coefficient of repeatability (COR) and minimum detectable change (MDC).



21

REFERENCES

[1] Afolabi PR, Scorletti E, Smith DE, Almehmadi AA, Calder PC, Byrne CD. The
characterisation of hepatic mitochondrial function in patients with non-alcoholic fatty

liver disease (NAFLD) using the. J Breath Res 2018;12:046002.

[2] Portincasa P, Grattagliano I, Lauterburg BH, Palmieri VO, Palasciano G,
Stellaard F. Liver breath tests non-invasively predict higher stages of non-alcoholic

steatohepatitis. Clin Sci (Lond) 2006;111:135-143.

[3] Matthews DE, Harkin R, Battezzati A, Brillon DJ. Splanchnic bed utilization of
enteral alpha-ketoisocaproate in humans. Metabolism 1999;48:1555-1563.

[4] Berthold HK, Giesen TA, Gouni-Berthold I. The stable isotope ketoisocaproic
acid breath test as a measure of hepatic decarboxylation capacity: a quantitative analysis
in normal subjects after oral and intravenous administration. Liver Int 2009;29:1356-

1364.

[5] Parra D, Gonzalez A, Garcia-Villarreal L, Martinez JA. Methodological
characterization of the 2-keto [1-13C]Jisocaproate breath test to measure in vivo human
mitochondrial function: application in alcoholic liver disease assessment. Alcohol Clin

Exp Res 2003;27:1293-1298.

[6] Palmieri VO, Grattagliano I, Minerva F, Pollice S, Palasciano G, Portincasa P.
Liver function as assessed by breath tests in patients with hepatocellular carcinoma. J

Surg Res 2009;157:199-207.

[7] Kasicka-Jonderko A, Jonderko K, Kaminska M, Bielecka M, Blonska-
Fajfrowska B. 13C-alpha-Ketoisocaproic acid breath test revisited: an in-depth
reproducibility study advocates an extended breath sampling period. Dig Dis Sci
2007;52:3481-3487.



22

[8] Candelli M, Armuzzi A, Miele L, Nista EC, Pignataro G, Zileri Dal Verme L, et
al. Gender affects 13C-ketoisocaproic acid breath test. Eur Rev Med Pharmacol Sci
2007;11:401-406.

[9] Karlas T, Petroff D, Sasso M, Fan JG, Mi YQ, de Lédinghen V, et al. Individual
patient data meta-analysis of controlled attenuation parameter (CAP) technology for

assessing steatosis. J Hepatol 2017;66:1022-1030.

[10] Sasso M, Miette V, Sandrin L, Beaugrand M. The controlled attenuation
parameter (CAP): a novel tool for the non-invasive evaluation of steatosis using

Fibroscan. Clin Res Hepatol Gastroenterol 2012;36:13-20.

[11]  Sandrin L, Fourquet B, Hasquenoph JM, Yon S, Fournier C, Mal F, et al.
Transient elastography: a new noninvasive method for assessment of hepatic fibrosis.

Ultrasound Med Biol 2003;29:1705-1713.

[12] Castera L, Vergniol J, Foucher J, Le Bail B, Chanteloup E, Haaser M, et al.
Prospective comparison of transient elastography, Fibrotest, APRI, and liver biopsy for

the assessment of fibrosis in chronic hepatitis C. Gastroenterology 2005;128:343-350.

[13] Matthews JN, Altman DG, Campbell MJ, Royston P. Analysis of serial
measurements in medical research. BMJ 1990;300:230-235.

[14] Vaz S, Falkmer T, Passmore AE, Parsons R, Andreou P. The case for using the
repeatability coefficient when calculating test-retest reliability. PLoS One

2013;8:€73990.

[15] Bland JM, Altman DG. Measurement error. BMJ 1996;313:744.

[16] Darter BJ, Rodriguez KM, Wilken JM. Test-retest reliability and minimum

detectable change using the K4b2: oxygen consumption, gait efficiency, and heart rate

for healthy adults during submaximal walking. Res Q Exerc Sport 2013;84:223-231.



23

[17] Afolabi P, Wright M, Wootton S, Jackson AA. A comparison of the
reproducibility of the parameters of the (1)(3)C-aminopyrine breath test for the
assessment of hepatic function. Isotopes Environ Health Stud 2011;47:390-399.

[18] Jonderko K, Skalba P, Kaminska M, Kasicka-Jonderko A, Galas E, Bialy A.
Combined oral contraceptives affect liver mitochondrial activity. Eur J Contracept

Reprod Health Care 2013;18:401-409.

[19] Bendtsen P, Hannestad U, Pahlsson P. Evaluation of the carbon 13-labeled
Ketoisocaproate breath test to assess mitochondrial dysfunction in patients with high

alcohol consumption. Alcohol Clin Exp Res 1998;22:1792-1795.

[20]  Grattagliano I, Lauterburg BH, Palasciano G, Portincasa P. 13C-breath tests for
clinical investigation of liver mitochondrial function. Eur J Clin Invest 2010;40:843-

850.

[21] Lamers Y, Williamson J, Theriaque DW, Shuster JJ, Gilbert LR, Keeling C, et
al. Production of 1-carbon units from glycine is extensive in healthy men and women. J

Nutr 2009;139:666-671.

[22] Russmann S, Junker E, Lauterburg BH. Remethylation and transsulfuration of
methionine in cirrhosis: studies with L-[H3-methyl-1-C]methionine. Hepatology

2002;36:1190-1196.



