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Liver Injury
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BACKGROUND AND AIMS: The C-methacetin breath
test (MBT) is a noninvasive, quantitative hepatic metabolic
function test. The aim of this prospective, multicenter study
was to determine the utility of initial and serial BC-MBT in
predicting 21-day outcomes in adults with acute liver failure
(ALF) and non-acetaminophen acute liver injury (ALI).

APPROACH AND RESULTS: The “C-MBT BreathID
device (Exalenz Biosciences, Ltd.) provided the percent dose
recovery (PDR) for a duration of 60 minutes after adminis-
tration of C-methacetin solution as the change in exhaled
PCO,/®CO, compared with pre-ingestion ratio on study
days 1, 2, 3, 5, and 7. Results were correlated with 21-day
transplant-free survival and other prognostic indices. A total
of 280 subjects were screened for enrollment between May
2016 and August 2019. Median age of the 62 enrolled pa-
tients with adequate data was 43 years, 79% were Caucasian,
76% had ALF with the remaining 24% having ALI The
mean PDR peak on day 1 or day 2 was significantly lower
in nonsurvivors compared with transplant-free survivors (2.3%/
hour vs. 9.1%/hour; P < 0.0001). In addition, serial PDR
peaks were consistently lower in nonsurvivors versus sur-
vivors (P < 0.0001). The area under the receiver operating
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characteristic curve (AUROC) of the *C-MBT in the com-
bined cohort was 0.88 (95% CI: 0.79-0.97) and higher than
that provided by King’s College (AUROC = 0.70) and Model
for End-Stage Liver Disease scores (AUROC = 0.83). The
BC-MBT was well tolerated with only two gastrointestinal
adverse events reported.

CONCLUSIONS: The ®C-MBT is a promising tool to es-
timate the likelihood of hepatic recovery in patients with ALF
and ALIL Use of the PDR peak data from the “C-MBT
point-of-care test may assist with medical decision making

and help avoid unnecessary transplantation in critically ill pa-
tients with ALF and ALI. (Hepatorocy 2021;74:961-972).

cute liver failure (ALF) is a rare but poten-
tially devastating syndrome defined by
the sudden onset of coagulopathy (i.e., an
international normalized ratio [INR] of > 1.5) and
hepatic encephalopathy in a patient without known
pre-existing liver disease.V) Although a multitude of
disease processes can lead to severe acute liver injury

(ALI) and ALF, there are only about 3,000 cases of

Abbreviations: ALF, acute liver failure; ALFSG, Acute Liver Failure Study Group; ALIL, acute liver injury; ALT, alanine aminotransferase;
APAR acetaminophen; AUROC, area under the receiver operating characteristic curve; cPDR20, cumulative percent dose recovery of methacetin
at 20 minutes; CYP1A42, cytochrome P-450 142; HE, hepatic encephalopathy; ICU, intensive care unit; INR, international normalized ratio of
the prothrombin time; KCC, King’s College Criteria; LT, liver transplantation; MBT, Methacetin breath test; MELD, Model for End-Stage Liver
Disease; NAC, N-acetylcysteine; PDR, percent dose recovery; SAE, serious adverse event; TFS, transplant-free survival; ULN, upper limit of normal.

Received September 11, 2020; accepted February 1, 2021.

Additional Supporting Information may be found at onlinelibrary.wiley.com/doi/10.1002/hep.31783/suppinfo.
© 2021 by the American Association for the Study of Liver Diseases.

View this article online at wileyonlinelibrary.com.

DOI 10.1002/hep.31783

Potential conflict of interest: Dr. Lee consults for Pfizer, Genentech, SeaGen, Karuna, Forma, and Cortexyme. He received grants from Merck,
Bristol-Myers Squibb, Intercept, Gilead, Novo Nordisk, Cumberland, Aurora, and Conatus. Dr. Fontana consults for Sanofi. He received grants from
Bristol-Myers Squibb, Gilead, and AbbVie. Dr. Stravitz received grants from Exalenz. Dr. Hanje is on the speakers’ bureau for Salix and Intercept.
Dr. Hameed advises and received grants from Gilead. He advises Surrozen, Mallinckrodt, and Pleiogenix. He received grants from Intercept, Conatus,
Genfit, and Salix/Valeant. Dr. Ganger advises Alexion and is on the speakers’ bureau for Gilead. Dr. Olson advises Mallinckrodt.

961


mailto:﻿
https://orcid.org/0000-0001-9901-854X
https://orcid.org/0000-0003-2818-4959
https://orcid.org/0000-0002-2783-5441
http://onlinelibrary.wiley.com/doi/10.1002/hep.31783/suppinfo

FONTANAET AL.

ALF each year in the United States.”’ Recent studies
have demonstrated the importance of ALF etiology
in distinguishing favorable short-term prognosis with
a 50%-70% transplant free survival (TFS) (hepatitis
A, acetaminophen [APAP] overdose, and ischemia)
from conditions with an unfavorable prognosis (idio-
syncratic DILI, autoimmune, hepatitis B), with a
10%-30% TFS.*® Although emergency liver trans-
plantation (LT) is associated with excellent 1-year
survival, the ongoing shortage of donor organs pre-
clude many patients with ALF from undergoing
life-saving LT. Conversely, reliable identification of
patients destined to recover with their native liver is
essential to avoid unnecessary LI’ Therefore, an accu-
rate and reliable bedside test to identify patients with
ALF who will recover with supportive care from those
who will die without LT remains a critical unmet
need. Although many studies have attempted to iden-
tify features of ALF that predict outcome, all suffer
from relatively poor diagnostic accuracy.’’)

The Acute Liver Failure Study Group (ALFSG)
is a consortium of North American academic medical
centers that has prospectively studied the etiologies
and outcomes of adults with ALF since 1998.“) In
addition, a prospective registry of adults with severe
AL, defined by an INR 2 2.0, serum alanine ami-
notransferase (ALT') > 10 x upper limit of normal
(ULN), and bilirubin > 3 mg/dL, was established
in 2010.°) Over the years, the ALFSG has con-
ducted clinical trials in an effort to improve TFS
in both patients with both ALF and ALL®” The
13C-methacetin breath test (**C-MBT) is a semi-
quantitative, noninvasive hepatic metabolic function
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test that assays the biotransformation of 75 mg of
BC-labeled methacetin by hepatic cytochrome-P450
1A2 (CYP1A2) to CO, and APAP® The C-
MBT has been shown to be more accurate than the
Model for End-Stage Liver Disease (MELD) score
in predicting decompensation and survival in patients
with cirrhosis undergoing I'T evaluation.”” The *C-
MBT may also be useful in patients with severe acute
liver disease, but the number of patients studied has
been limited."” The aim of the current study is to
demonstrate the potential utility of the initial and
serial *C-MBT measurements as prognostic tools in
adult subjects with ALF and severe non-APAP ALI
who were followed until death, LT, or discharge from
the hospital 21 days after enrollment.

Materials and Methods
OBJECTIVE

The predefined primary study outcome was used
to assess the relationship between the day 1 (initial)
percent dose recovery (PDR) rate, known as PDR
peak, which reflects the maximum rate of metabo-
lism of C-methacetin measured as the change in
13COZ/IZCO2 ratio after ingestion of a 75-mg dose
of BC-methacetin normalized using the patient’s
height and weight, and TFS at day 21 in eligible adult
patients with ALF and non-APAP ALI Our research
hypothesis was that the initial PDR peak values
would be significantly higher in patients who survived
compared with those who died or underwent LT by
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day 21. The secondary outcomes in this study were
to determine the optimal cutoff point for the PDR
peak that best distinguishes between outcomes (TFS
vs. death/LT). Other exploratory secondary outcomes
included the change in *C-MBT measurements over
a maximum of 7 days from enrollment, to assess the
relationship between single time points of *C-MBT
measurements and outcome. Finally, we set out to
compare the PDR peak as a prognostic tool for pre-
dicting day 21 TFS in conjunction with other clinical
parameters such as etiology, laboratory measurements,
and other published prognostic indices.

STUDY POPULATION

The study protocol was approved by local insti-
tutional review boards (IRBs) of participating sites.
An Investigational Device Exemption (IDE) appli-
cation with the US Food and Drug Administration
was approved (IDE #G150226) in November 2015.
Written, informed consent to participate was obtained
from the patient or a legally authorized representa-
tive before enrollment per local regulations. The study
was initiated in May 2016 in patients with ALF
between the ages of 18 and 70 years with any degree
of encephalopathy and an INR > 1.5 caused by an ill-
ness of <24-week duration. Initially, exclusion criteria
included consumption of a multitude of medications
thought to potentially interfere with the metabolism
of ¥C-methacetin (see Supporting Table $1).%) After
turther consideration of these exclusions, the eligibil-
ity criteria were modified in March 2018, to increase
the upper age range to 80 years and allow for use of
famotidine or acyclovir within 48 hours of enrollment
as well as use of statins in the 30 days before enroll-
ment. Eligibility criteria were also widened to include
patients with severe non-APAP AL, as these patients
have been shown to have a 41% risk of progressing to
ALF or dying within 21 days, with a similar propor-
tion dying or undergoing LT as those with ALE.®) In
contrast, patients with APAP-ALI remained excluded
due to very low rates of progression to ALF (4%).
These changes in eligibility criteria were approved by
all IRBs and regulatory authorities.

STUDY DESIGN

Testing involved the administration of a ready-
to-use solution of a 75-mg dose of C-methacetin
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mixed into 150 mL of water followed by retrieval of
expired 13CO2 and 12CO2 over a period of 1 hour
after substrate administration.”) A maximum of five
tests were administered on study days 1, 2, 3, 5, and
7. Subjects were required to have been fasting from
solid food for a minimum of 6 hours, and a naso-
enteric tube feeding had to be held for a minimum
of 4 hours, before substrate administration. In addi-
tion, other medications could not be given in the hour
before test substrate administration. The solution
of BC-methacetin was swallowed by nonintubated
patients who were upright and cooperative; substrate
was otherwise administered via nasoenteric tube to
other participants. Exhaled breath was collected at
the bedside for a total of 75 minutes, including up to
15 minutes for baseline determination and 60 minutes
of 13COZ/HCO2 ratio collection following adminis-
tration of *C-methacetin using a nasal cannula for
conscious patients or a ventilator hose adaptor for the
endotracheal tube of intubated patients connected to
the BreathID MCS device (Exalenz Biosciences Ltd.,
Modiin, Israel). During the breath collection period,
all other intensive care unit (ICU) care including con-
tinuous renal replacement, intravenous medications,
and other treatments were continued. Investigators
were blinded to the MBT results to avoid bias in
patient management. Calculation of the PDR peak,
cumulative PDR at 20 minutes (cPDR20), and other
MBT parameters were performed at the data coor-
dinating center, independent of the sponsor and site
investigators. The investigational substrate was stored
locally at room temperature.

Previous studies have demonstrated that the inter-
test coefficient of variation of the C-MBT in 53
healthy volunteers and patients with liver disease is
13.2% (95% CI: 11.1%-15.2%) for the PDR peak,
and the coefficient of variation is 23.9% (95% CI:
20.3%-27.4%) for the cPDR20.1%1V

SAFETY ASSESSMENTS

All serious adverse events (SAEs) were collected
from day 1 through day 21 of the study and graded
per standard protocol; relatedness to the test device
was determined by the local investigator. An indepen-
dent medical safety monitor reviewed each SAE in
real time for expectedness and relatedness. All non-
serious adverse events were collected from day 1 to
day 7. An independent Data and Safety Monitoring
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Board reviewed aggregate data throughout the study
period. Because the primary product of the demethyl-
ation of methacetin is acetaminophen, serum APAP-
cysteine adducts testing was performed in the first 20
study participants before and after each C-MBT
test administration. Serum APAP-cysteine adducts
were measured in the research lab of Dr. Laura
James at the University of Arkansas using a previ-
ously described HPLC method." The detection of a
serum APAP-cysteine adduct in non-APAP-induced
patients with ALI/ALF was considered significant if
a value of >1.0 nmol/LL was detected. In subjects with
presumed APAP hepatotoxicity, an increase of serum
APAP-cysteine adduct levels above their initial value
was assessed in conjunction with serum liver biochem-
istries. An independent group of experienced clinical
investigators reviewed the adduct data as they became
available, to ensure that the small dose of APAP per
test administration would not result in additional liver
injury. After reviewing the adduct test results from 20
consecutively evaluable patients in whom no values
>1.0 nmol/LL were observed, the independent group
concluded that there were no safety concerns, and fur-
ther testing for APAP-cysteine adducts was halted.

SAMPLE SIZE
Up to 200 evaluable patients meeting the eligibil-

ity criteria were to be consecutively enrolled at the 11
sites of the ALFSG participating in this study. An
evaluable patient is one who completed one or more
BC-MBT tests measured for a minimum of 30 min-
utes after ingestion of *C-methacetin.

STATISTICAL ANALYSIS

A futility analysis was planned after 100 consecu-
tive enrollments to consider stopping the study early
if there were no signal differences in the initial PDR
peak distribution between those who reached 21-day
TFS and those who died or underwent LT by day 21.
The final analysis was based on a comparison of the
initial mean PDR peak between the TFS and non-
TFS outcome groups using a two-sided significance
level of 0.10. Planned exploratory analyses for hypoth-
esis generation included subgroup analyses, examina-
tion of the cumulative cPDR20, and the comparison
of the initial PDR peak to the currently available
ALFSG Prognostic Index for predicting 21-day TFS.
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All statistical analyses are two-sided tests and were
conducted using SAS V9.3 or higher (SAS Institute,
Inc., Cary, NC).

Results

STUDY POPULATION
Between May 2016 and August 2019, 280 patients

were screened for eligibility and 76 were enrolled into
the study (Fig. 1). A total of 9 subjects never received
an BC-MBT due to death (1), LT (2), withdrawal
of consent (3), and device malfunction/pharmacy
delay.®) In addition, 3 subjects had an eligibility vio-
lation of APAP-ALI, and 2 subjects had nonevaluable
data (<30 minutes duration of the *C-MBT), leaving
a total of 62 subjects with adequate *C-MBT data
for analysis.

Demographics of the study population are depicted
in Table 1. The median age of the 62 subjects was
43 years (range: 18 to 73), 61% were female, 79% were
Caucasian, 76% had ALF due to a multitude of eti-
ologies, and 24% had non-APAP ALI. At enrollment
into the study, 42% had grade 3 or 4 hepatic encepha-
lopathy with a median bilirubin of 7.2 mg/dL (range:
0.6 to 36) and a median INR of 2.7 (range: 1.4 to
10.7). In addition, 34% of the study population were
intubated and 21% were receiving renal replacement

therapy.

PDR PEAK AND CLINICAL
OUTCOME

The primary outcome assessment was the compar-
ison of the day 1 PDR peak between those that had
21-day TFS versus those who died or underwent LT
before day 21. A total of 37 (59.6%) subjects had the
initial *C-MBT conducted on day 1 and an addi-
tional 21 subjects had the initial test on day 2, while
the 4 remaining subjects had the first study after day
2. The reasons for a delay in testing included the need
for other clinical procedures and the subject not hav-
ing fasted for the required time period. Of the 58
who had *C-MBT data on day 1 or 2, 2 had missing
outcome data, which is how we came to 56 evaluable
patients in Table 2.

As per Table 2, the mean PDR peak on day 1 was

significantly lower in 21-day nonsurvivors compared
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Eligible ALF/ALI patients

(n=280)

Excluded (n=204)
|—— | - 49 declined consent

- 31 concomitant medications
- 86 ALI
- 38 other exclusion criteria

Enrolled

(n=76)

v

Analysis Population
(n=62)

21 day outcomes
50 Completed study
1 Lost to follow-up
1 Consent withdrawn

10 Death

Excluded from Analysis (n=14)
9 events prior to MBT
- 1 died, 2 liver transplant
- 3 withdrawn consent
- 3 device malfunction/pharmacy delay
3 eligibility violations (APA ALI)
2 MBT ran < 30 minuets

FIG. 1. Overview of eligible and enrolled patients. A total of 280 patients with ALF and ALI were screened for the study and 76 were
enrolled. The analysis population included 62 patients with available *C-MBT results and 21-day outcome, of whom 56 had a day 1 or

day 2 *C-MBT test result for efficacy analysis.

with transplant-free survivors (1.9%/hour [SD: 0.6]
vs. 10.2%/hour [SD: 7.8]; P < 0.0001). Expanding
the PDR peak values to include either day 1 or day 2
showed similar results (9.1%/hour [SD: 6.8] vs. 2.3%/
hour [SD: 0.9]; P < 0.0001). When we evaluated
the 21 patients with APAP overdose, the day 1 or 2
PDR peak was significantly higher in the 21-day TFS
group compared with the nonsurvivors (7.9%/hour vs.
2.6%/hour; P = 0.001), as well as in the 35 patients
with non-APAP ALI/ ALF (10.1%/hour vs. 2.2 %/
hour; P = 0.0003). When the cPDR20 was compared
between the two outcome groups, similar differences
in the mean values were observed (data not shown).
Assessment of serial PDR peak values revealed that
the PDR peaks were consistently higher in transplant-
free survivors versus nonsurvivors (Fig. 2). This differ-
ence remained significant over time (P < 0.001). An

example of the serial PDR peak values of an idiosyn-
cratic DILI patient who survived and another DILI
patient who required LT can be seen in Fig. 3.

TFS IN THE COMBINED COHORT
OF PATIENTS WITH ALI AND ALF

In the 56 patients with ALF and ALI with eval-
uable day 1 or 2 PDR peak values, the area under
the receiver operator characteristics curve (AUROC)
was 0.88 (95% CI: 0.79, 0.97). The addition of favor-
able etiology, defined as hepatitis A, APAP overdose,
ischemic injury not requiring extensive pressors, or
pregnancy- related ALF, to the *C-MBT results fur-
ther improved the AUROC to 0.92 (95% CI: 0.85,
0.99). In contrast, the AUROC of the King’s College
Criteria (KCC) was 0.70 (95% CI: 0.58, 0.81), and
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TABLE 1. Baseline Characteristics of the Patient Population

Overall Group ALF Group ALl Group

Parameter n=:62 n=47 n=15
Median age (years) 43 (18,73) 40 (18,73) 50 (25, 66)
Female (%) 61% 70% 33%
Race/ethnicity (%)

White 79% 79% 80%

Black 18% 19% 13%

Asian 3% 2% 7%

Hispanic 7% 6% 7%
Etiology (%)

APAP 42% 55% 0%

Hepatitis A 1% 2% 40%

DILI 1% 9% 20%

Hepatitis B 8% 6% 13%

Autoimmune 5% 4% 7%

Shock* 5% 4% 7%

Indeferminate 5% 4% 7%

Pregnancy 2% 2% 0%

Wilson disease 2% 0% 7%

Other virus 2% 2% 0%

Other 8% 1% 0%
Median entry labs

ALT (U/L) 2,738 (141,15,817) 2,860 (141,15,817) 1,702(578,8631)

Bilirubin (mg/dL) 7.1 (0.6,36.0) 5.5(0.6,36.0) 12.4 (4.3,21.5)

INR 2.7 (1.4,10.7) 2.9(1.4,10.7) 2.4(2.0,5.0)

Creatinine (mg/dL) 0.9(0.4,7.7) 1.2(0.4,7.7) 0.7(0.5,5.9)

MELD 30.0 (14,47) 31.0(14,47) 26.0 (20, 39)
Complications at entry

Renal replacement 21% 28% 0%

Intubated 34% 45% 0%

Vasopressors 18% 21% 7%

NAC (%) 90% 96% 73%

Grade 2 HE 34% 45% 0%

Grade % HE 42% 55% 0%
Ever listed for LT 32% 34% 27%
First 21-day outcome

g 21% 23% 13%

Death 15% 20% 0%

TFS 61% 55% 80%

Unknown* 3% 2% 7%

*Shock was an allowable etiology if not severe at study entry (i.e., on no pressors [n = 2] or one pressor [n = 1]). Data are presented as
median (range).
fOne subject died following transplant; data reported as median (range).
wo unknown 21-day outcomes due to consent withdrawal and lost to follow-up.
Abbreviations: HE, hepatic encephalopathy; NAC, N-acetylcysteine.

the AUROC for the MELD score was 0.83 (95% to nonintubated patients or inclusion of admission
CI: 0.72, 0.94) (Fig. 4). Additional models that com- lab values failed to provide any incremental predictive
pared APAP to non-APAP etiologies and intubated capabilities (data not shown).
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TABLE 2. Maximal PDR Peak and cPDR20 by 21-Day

Outcomes
Outcome
21-Day
21-Day TFS™  Nonsurvivor®

Primary outcome* n=23 n=12
Day T mean PDR peak (%/hour [SD]) 10.2 (7.8) 1.9 (0.6)
Difference in means (90% Cl) 8.3 (4.4,12.1)
Pvalue <0.0001
Secondary outcomes* n=35 n=21
Day 1 or 2 mean PDR peak (%/hour [SD]) 9.1 (6.8) 2.3(0.9)
Difference in means (90% Cl) 6.8 (4.8,8.8)
Pvalue <0.0001
Day 1 or 2 mean cPDR20 (%/hour [SD]) 1.4 (1.3) 02(.2)
Difference in means (90% Cl) 1.2(0.8,1.6)
Pvalue <0.0001

*Two participants missing outcome due to consent withdrawal and
lost to follow-up.
"Data reported as mean (SD).

P value is based on a two-sided Student # test at an alpha level of

0.10.
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TFS MODELS IN PATIENTS WITH
ALF

In the 42 patients with ALF only, with evaluable
day 1 or 2 PDR peak values, the mean PDR peak was
significantly higher in TFS versus non-TFS (8.5%/
hour vs. 2.4%/hour; P = 0.0005), and the AUROC
was 0.82 (95% CI: 0.68-0.96). The addition of a
favorable etiology of ALF to the PDR peak value
from the *C- MBT improved the AUROC to 0.89
(95% CI: 0.79, 0.98). In contrast, the AUROC of the
ALFSG prognostic index was 0.90 (95% CI: 0.81,
1.0), the AUROC for KCC alone was 0.78 (95% CI:
0.66, 0.91), and the AUROC for MELD alone was
0.83 (95% CI: 0.69, 0.97) (Fig. 5).

SAFETY ASSESSMENTS

Review of the serum APAP-cysteine adduct results
obtained in the first 20 evaluable patients demonstrated
no evidence of inadvertent APAP hepatotoxicity or

40 - o
(5]
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5 T o
0
<
S
= 204
S
x
©
[
o
14
a
o
10 | 0]
== -
0|
T T T T T
1 2 3 5 7
13C-MBT Administration Day
[Outcome  OTFS O DeathlLT |
N 35 51 42 30 23

FIG. 2. PDR peak by outcome and *C-MBT administration day. The PDR peak values were significantly lower in the nonsurvivors
compared with the transplant-free survivors (P < 0.001, repeated-measures analysis). Circles indicate means; boxes indicate interquartile
ranges; horizontal line within the boxes indicate medians; bars indicate 1.5 times the interquartile range; and plus signs indicate outliers.
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13C-MBT Administration Day

QOutcome

Death/LT — — — TFS

FIG. 3. Serial *C-MBT results in a DILI patient with ALF patient who survived and a DILI patient with ALI who required LT. (A)
A 52-year-old female with presumed DILI due to tizanidine and ropinirole was enrolled with a MELD score of 26 and a total bilirubin
of 9.3 mg/dL, INR of 2.8, and grade 3 hepatic encephalopathy. Her ALFSG prognostic score was 7.7% likelihood of 21-day TFS. She
received intravenous N-acetylcysteine on day 1 and was on famotidine starting on day 2, but never on pressors nor intubated. Over time
her clinical status improved and by day 7 her hepatic encephalopathy grade was 1 and she was discharged to go home at day 14. Her *C-
MBT results improved from day 2 through day 7. (B) A 53-year-old female with DILI due to clindamycin was enrolled with ALI and
no encephalopathy. During follow-up, she rapidly deteriorated and was listed for L'T. Her initial MELD score was 30. She was never on
pressors but was intubated on day 6. She eventually underwent LT on study day 7 and was discharged to go home on day 20. Her B3c-
MBT results demonstrated a very low PDR peak that never improved.

accumulation of APAP-cysteine adducts in either
non-APAP or APAP-related patients.’? There were
a total of 28 SAEs reported from 25 subjects, none
of which were deemed related to the investigational
product. In addition, four potentially related, nonseri-
ous adverse events with a reported severity of mild to
moderate were noted, including nausea, vomiting, and
two events of emesis that occurred in nonintubated
patients during test administration.

Discussion

The aim of our study was to determine the safety
and accuracy of a bedside, noninvasive hepatic met-
abolic test to provide real-time prognostic data for
clinical decision making in critically ill patients with
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ALF or severe non-APAP ALL The initial *C-MBT
results performed quite well in predicting 21-day TFS
in our patient population (Fig. 2). In addition, serial
assessment of C-MBT results demonstrated that
subjects who died or underwent LT within 21 days had
persistently lower values compared to patients with
TFS, indicating that this test may be a useful dynamic
measure of global hepatic function. Interestingly, the
single subject with a persistently low *C-MBT PDR
peak, who did not die or undergo LT, had Wilson dis-
ease and recovered within 21 days. We presume that
the low C-MBT results in this patient may have
been due to unsuspected advanced fibrosis or cirrhosis
that is present in most subjects with Wilson disease
who present with ALE®

Acetaminophen is minimally absorbed from the
stomach but rapidly absorbed by the small intestine
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FIG. 4. Twenty-one-day TFS in the combined ALF/ALI cohort.
Among the 56 patients with ALF and ALI with day 1 or 2
measures, the AUROC for the *C-MBT PDR peak was 0.88,
which improved to 0.92 with the inclusion of the etiology of ALI/
ALF. The AUROC for 21-day survival was 0.79 for the KCC and
0.83 for the day 1 MELD score.

through passive diffusion.*® Following absorp-
tion, C-methacetin undergoes extensive first-pass
clearance in the liver through metabolism of hepatic
CYP1A2 into APAP and *CO,,. The BreathID device
is based on continuous measurement of 13C02 and 2
CO, concentrations by molecular correlation spectros-
copy, which can detect variations less than 1:1,000 in
the *CO,/"*CO, ratio. Use of the *C-MBT in crit-
ically ill patients requires the study staff to bring the
portable equipment into the patient’s room. In 31% of
the 185 tests initiated, *C-methacetin was given via
nasoenteric tube. One potential concern of using an
oral substrate-based breath test in intubated patients
receiving sedation is the potential for gastroparesis,
which could delay absorption of the substrate and
affect test results. In the current study, the *C-MBT
PDR peak reliably identified those more likely to sur-
vive, whether they were intubated (22 patients, 10.5%/
hour vs. 2.7%/hour; P = 0.03) or not intubated at the
time of test administration (34 patients, 8.6%/hour vs.
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FIG. 5. Twenty-one-day TFS in the patients with ALF alone.
Among the 42 patients with ALF with available data, the AUROC
for the *C-MBT PDR peak was 0.82, which improved to 0.89
with inclusion of ALF etiology and to 0.93 when combined with
the ALFSG prognostic index. The AUROC was 0.78 for KCC and
0.83 for MELD scores.

1.9%/hour; P < 0.001). An unrelated study previously
demonstrated that intubated medical ICU patients
receiving vasopressors and opiates frequently had evi-
dence of impaired gastric emptying.(16 Another study
of intubated trauma patients with intracranial hemor-
rhage reported that the median gastric emptying time
was 13.9 hours compared with 3.0 hours in healthy
an Furthermore, small bowel motility
was also severely impaired in these ICU patients.”
Finally, a single dose of narcotics in healthy volunteers
has been shown to significantly delay the emptying
of acetaminophen from the stomach.™1) With these
data, we were concerned that many of our patients with
ALI and ALF may have had functional gastroparesis,
leading to a reduction in *C-methacetin absorption.
Although none of the enrolled patients had a history
of known gastroparesis, there were three instances of
gastrointestinal adverse events. Two of these events
occurred during the *C-methacetin administration,

volunteers.
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suggesting that some of these critically ill patients
may have had functional gastroparesis. However, indi-
vidual patients with low C-MBT test results gen-
erally remained low during serial assessments over
subsequent days. We also did not find an association
between the use of mechanical ventilation (P = 0.34)
or vasopressor administration (P = 0.09) at study
admission with *C-MBT results, nor with the route
of substrate administration through the oral versus
naso-enteric/orogastric route (P = 0.37). Therefore, we
presume that the *C-MBT provides a robust index of
hepatic function in critically ill patients with ALF and
non-APAP ALI being cared for in the ICU. Other
groups have reported on the use of intravenous admin-
istration of >C-methacetin with periodic collection of
exhaled 13CO2 in patients with cirrhosis undergoing
surgery and patients with ALF."1 However, most
of these data are in small, retrospective cohorts, and
the kinetics of *C-methacetin hepatic metabolism
are very different when given intravenously compared
to orally. In addition, a larger dose of methacetin is
required for intravenous administration and needs to
be dosed by patient body weight, leading to additional
complexity and safety concerns as well as challenges
with manufacturing sterile *C-methacetin for human
use.?? Therefore, due to its rapid absorption in the
fasted state from the small intestine, extensive hepatic
extraction and first-pass metabolism in the liver,
and simplicity of fixed dosing, we believe that oral
administration of *C-methacetin may lead to a more
accurate and reproducible measure of global hepatic
function.*V

The accurate determination of prognosis in ALF
has been an elusive goal, with many investigators
using regression analyses of clinical features to identify
which patient will die without a liver transplant.(3’22)
Such prognostic indices have generally suffered from
poor accuracy. The *C-MBT, however, does not rely
on static clinical features but rather actual metabolic
capacity of the liver. Other groups have identified that
serial arterial lactate levels as a modification to the
KCC can also be of value in identifying patients with
APAP overdose with a poor prognosis.*?* In addi-
tion, the *C-MBT not only reflects CYP450 activ-
ity and therefore the severity of hepatocyte injury/
necrosis, but also hepatocyte regeneration, as shown
by the recovery of activity over days after admission.
The clinical importance of serial *C-MBT measure-
ments deserves emphasis, as an increase in PDR peak
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over time provides objective evidence of recovery,
and suggests waiting another day for a final decision
regarding LT (Fig. 3). The present study, therefore,
represents the first attempt to predict the outcome of
ALF and non-APAP ALI using a truly dynamic liver
function assessment tool.

Other prognostic models in ALF using widely
available clinical and laboratory data include the KCC
and the MELD score. A recent meta-analysis of these
indices showed that the KCC performed better than
the MELD score in patients with APAP hepatotox-
icity.?>?® In contrast, the MELD score had a supe-
rior prognostic value for nonsurvival in non-APAP
patients. The ALFSG Prognostic Index was recently
shown to have superior performance to both the King’s
College and MELD score in a large derivation and
validation cohort of North American patients with
ALF.®) This index includes five variables including the
etiology of ALF (favorable vs. unfavorable as defined
previously), use of vasopressors, encephalopathy grade,
total bilirubin, and INR level. In the current study, the
BC-MBT plus etiology had comparable AUROC to
the ALFSG Prognostic Index whether one grouped
etiology as APAP versus non-APAP or favorable ver-
sus unfavorable. Furthermore, the dynamic nature of
the *C- MBT makes it more attractive for medical
decision making. The combination of the *C-MBT
PDR peak and the ALFSG prognostic index variables
showed a minimal improvement in prediction of 21-
day TFS performance characteristics in our limited
cohort. This is primarily due to the high AUROC
that each measure had alone. To validate its utility,
testing of the >C-MBT in additional large cohorts of
patients with ALI and ALF will be needed.

There were several important lessons learned
from this study, including the challenges of enroll-
ing patients into a clinical trial who have with a rare,
sudden onset disease. As per Fig. 1, informed consent
was not able to be obtained from 16% of the screened
patients. Other studies of critically ill patient popula-
tions have demonstrated a consent failure rate of 1 in
3 to 1 in 4, particularly when a therapeutic interven-
tion is not being offered, as in our case. In addition,
several patients were initially excluded due to use of
concomitant medications like acyclovir, famotidine
and statins, which could have theoretically affected
the C-MBT results through competitive inhibi-
tion of CYP1A2. However, after further review with
the manufacturer and regulatory authorities, we were
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able to remove this exclusion criteria to allow more
patients to be enrolled. In addition, we increased the
upper age of enrollment to 80 and allowed for enroll-
ment of non-APAP patients with ALI who have a
limited 21-day TFS, to further help reach our recruit-
ment goals. Other challenges with this study included
device malfunction, which prohibited the collection of
BC-MBT data in 5 of the 76 enrolled participants.
In order for the BreathID device to operate, the
equipment must come to the ambient temperature of
the room. In addition, it was at times challenging to
complete the *C-MBT in critically ill patients who
were receiving enteral feedings. However, reliable data
using the T-shaped ventilator hose adaptor could be
obtained from intubated patients. Therefore, use of the
B3C- MBT appears to be feasible in a population with
ALI and ALF. Finally, the testing for serum APAP-
cysteine adducts demonstrated that there was no evi-
dence of new or worsening acetaminophen exposure
with the small, 75-mg test dose of BC-methacetin
needed to conduct the study.*” Other studies have
also demonstrated no adverse effects from the small
dose of methacetin used.”’!V Finally, there were no
device-related SAEs reported, although, as men-
tioned, 4 patients did experience transient nausea and
emesis, which may have been related to underlying
gastroparesis.

Limitations of the current study include the modest
sample size that did not meet our intended recruitment
goal of 200 patients. This arose from the presence of
multiple exclusion criteria in many patients who were
receiving various concomitant contraindicated medi-
cations. In addition, it can be difficult to establish a
good rapport with family members of patients with
ALF and ALI due to the sudden nature of the illness
and looming concerns regarding the need for urgent
LT. During the study, we were able to eliminate some
of the medication exclusion criteria, but early on this
factor proved to be problematic. Overall, there was a
clear difference in breath-test results between the TFS
and those needing urgent L'T" and dying. The observa-
tion that a given trajectory over time associates with
their outcome suggests that additional studies of serial
BC-MBT are needed.

In conclusion, we demonstrated that the *C-MBT
is a feasible and promising means of risk-stratifying
critically ill patients with ALF and non-APAP ALI
for adverse outcomes. Further studies with broader
inclusion criteria are needed to further develop the
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use of this simple, noninvasive bedside technology
that can provide instantaneous objective information
to clinicians and hopefully reduce the need for unnec-
essary transplants in patients with ALF and non-

APAP ALI
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