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Introduction	
Ammonia, a by-product of protein metabolism, and ethanol, a by-product of carbohydrate metabolism, are both relevant to human health. Ammonia is produced and metabolized by bacterial and mammalian cells, whereas ethanol is presumed to be produced only by bacteria. Hydrogen, which we used as a comparator, is a by-product of solely bacterial carbohydrate metabolism. Commercial hydrogen breath testing is recognized as a method to detect bacterial fermentation in the gastrointestinal tract (Saad & Chey, 2013). And, unabsorbed sugars, such as lactulose, serve to provoke an increase in gut bacteria hydrogen production (Simrén & Stotzer, 2006).
Human ammonia physiology is complex due to multiple sources and sinks (Adeva, Souto, Blanco, & Donapetry, 2012). And, ammonia balance is influenced by numerous physiologic and pathophysiologic events, including food intake and composition, bowel function, muscle physiology, and kidney disease. Given its role in several pathophysiologic conditions, accurate, rapid, and non-invasive quantification of ammonia levels has clinically important applications (Davies, Spanel, & Smith, 1997). 
Ammonia physiology research is hindered by its volatility. It is a ‘sticky’ molecule. This makes reliable and reproducible ammonia measurement difficult by any method. In the past, most research utilized ammonia blood assays; these can be variable and vexed by technical errors. Moreover, phlebotomy generally occurs via limb venipuncture, and other body compartments are rarely evaluated. Perhaps more importantly, research relying on ammonia blood assays is inherently limited by episodic sampling and therefore cannot fluidly capture ammonia physiology.       
Breath researchers have, for many years, attempted to advance ammonia research using a variety of monitors and measurement protocols. Numerous pilot studies have been published on a range of topics related to ammonia physiology in normal (Hibbard & Killard, 2011)(Turner, Spanel, & Smith, 2006) and disease states (DuBois et al., 2005a)(Adrover et al., 2012)(Davies et al., 1997). However, recent research suggests that exhaled breath ammonia may not reliably determine systemic ammonia; these investigators assert that its volatility and the multiple sources of contamination in oral-pharyngeal membranes cannot be overcome (Schmidt et al., 2013). And, others have preferred nose-exhaled ammonia over mouth exhaled ammonia (Wang, Pysanenko, Dryahina, Spaněl, & Smith, 2008). Papers reporting the difference in nose-exhaled versus mouth-exhaled ammonia have consistently found lower ammonia levels in nose-exhaled samples.
Ethanol is somewhat less volatile than ammonia and, since it is produced only by bacteria, has fewer potential sources. Interest in endogenous ethanol has been growing as it has been increasingly implicated in the pathophysiology of fatty liver and the metabolic syndrome (Bikov et al., 2013)(Cope, Watson, Foster, Sehnert, & Risby, 2004)(Wang, Pysanenko, Dryahina, Spaněl, & Smith, 2008b). Because the gut, specifically the distal small bowel and colon, hosts the largest bacterial community in humans, this compartment has generally been assumed to be the source of exhaled ethanol; however, this assertion has not been rigorously tested. 
In this study, we have evaluated the capacity of our breath collection apparatus and procedure to determine systemic ammonia. And, we also hypothesize that exhaled breath ethanol is gut-derived. Our aim was to measure the ammonia and ethanol response to a high protein oral challenge versus a negative control oral challenge. Further, we used breath hydrogen as the gold standard for gut-derived breath products, and also compared the concordance between peaks in ammonia, ethanol, and hydrogen.   

METHODS
Study Participants
Participants were recruited via flyers and advertisements. All eligible participants provided informed consent as required by the St. Luke’s University Hospital Institutional Review Board. Thirty healthy volunteers, without periodontal, liver, or kidney disease or report of tobacco use, fasted 12 hours prior to presentation. Volunteers abstained from exercise the morning of the study and brushed their teeth at least an hour before arrival. 
Data Collection
We measured the alveolar portion of the exhaled breath for NH3, EtOH, and H2 with three devices serially over 6 hours on 2 days in each subject. Each day began with 30 minutes of baseline breath collection; three NH3 measurements were taken 10 minutes apart and two samples were measured for EtOH and H2 each taken 15 minutes apart. This baseline breath measurement phase was followed by an oral intervention. On Day #1 (control trial), we mapped trends of NH3, EtOH, and H2 in response to the oral ingestion of Gatorade (32 fl oz containing: 200 calories, 52 g sugar, 0 g fiber, 0 g protein, and 0 g fat). On Day #2 (intervention trial), we measured breath NH3, EtOH, and H2 in response to the consumption of lactulose (10g) as well as a high protein challenge (Rockin Refuel Muscle Builder shakes containing: 380 calories, 12g sugar, 6g fiber, 60g protein, and 9g fat). The oral intervention was followed by a 30 second water rinse to flush any residue from the mouth. Breath samples for NH3, EtOH, and H2 were taken every 30 minutes for 5 hours following the rinse. 
Breath collection: The participants were required to exhale for at least 10 seconds in a defined manner via a restrictor and each exhalation constituted one sample. Each sample had its corresponding profiles for carbon dioxide and mouth pressure measured. Ideal mouth pressure for a sample is 10 cm of water maintained at least 10 seconds.  This mouth pressure corresponds to a flow rate of 50 ml/s.  Latex gloves were worn when inserting the disposable mouthpiece into the breath sampler in order to prevent contamination with ammonia from the skin. The mouthpiece was not touched for the remainder of the study. 
Determination of breath ammonia: NH3 was measured with a novel, sensitive, selective and fast quartz enhanced photoacoustic spectroscopy monitor (Lewicki et al., 2009) (Rice University, Houston, TX) as previously described (Steven F Solga et al., 2013) (Solga, et al, JoVE 2014, in press). Since each study subject was his/her own control, consistent breath sampling technique was critical.  Therefore, a specially designed breath sampler (Loccioni, Angeli di Rosora, Italy) was used to monitor breath exhalation in a manner similar to the American Thoracic Society/European Respiratory Society recommended breath collection protocol for analyzing breath nitric oxide (FeNO) (ATS/ERS 2005). This breath sampler monitors, displays, prompts and archives real-time measurements of mouth pressure and the concentration of carbon dioxide.  Real-time ammonia concentrations determined by the ammonia sensor are also displayed on the breath sampler and archived.  For all breath sampling, a disposable one-way in-line valve was used on the mouth port of the breath sampler.  Single breaths were sampled continuously into the ammonia monitor via a 50 cm long inlet line (Teflon) heated to 55°C.  Plateau breath ammonia concentrations measured during the phase III portions of the exhalation profiles were reported in parts per billion (ppb).  
Determination of breath ethanol: Ethanol was measured by a thermal desorption-capillary gas chromatograph (Fast GC)-differential mobility spectrometer (DMS) (microAnalyzer, Sionex Inc, Bedford, MA) capable of real-time measurement of ethanol, acetone, and isoprene. The sampled breath (10 mL) was adsorbed onto sequential adsorbent beds (Carbopack X (13 mm long, 60/80 mesh) and Carboxen 1003 (13 mm long, 80/100 mesh); Supelco, Bellefonte, PA) contained in a stainless steel tube (6.6 cm long, 1.59 mm od, 1.30 mm id) at 40°C.  After breath had been sampled, the trap was purged for 15 seconds with dry air. After purging, the trap was switched to the head of the capillary column and the gas chromatographic separation was initiated.  After a delay of 1 second, the adsorbent trap was heated to 300°C to thermally desorb the collected breath molecules. Separation was performed on a wall coated silicosteel capillary column (0.53mm od, 15 m MXT VMS crossbond diphenyldimethyl polysiloxane phase; Siltek, Restek, Bellefonte, PA).  The column was maintained at 40°C for 150 seconds, temperature programmed from 40 to 140°C in 250 seconds and held isothermally at 140°C for 140 seconds.  
The column effluent was passed into the source of the differential mobility spectrometer and ionized with thermalized electrons.  For the first 90 seconds, the radiofrequency (RF) voltage was set to 1200 volts and then to 1000 volts.  The compensation voltage was scanned from -30 to 4.99 volts and the ion current was monitored continuously.  The complete analysis took 540 seconds.  Data were recorded as a function of gas chromatographic retention time and compensation voltage.  Calibration curves were obtained for ethanol, acetone, and isoprene.  Breath concentrations for isoprene, acetone and ethanol were reported in parts per billion (ppb).
Normalization by correction CO2 factor: Both the ammonia and ethanol values were normalized by a CO2 correction factor in the same fashion as H2 is normalized in the MicroLyzer protocol as shown below. We used an approximated alveolar CO2 pressure (PACO2) of 40 mmHg: Corrected Breath Value = Raw Breath Value * (40/Sample CO2 Pressure).
Determination of breath hydrogen: H2 was measured using a Quintron SC MicroLyzer (Milwaukee, WI). The protocol includes sample correction by normalizing each sample with a correction factor based on an alveolar CO2 pressure of approximately 40 mmHg (torr). Peak hydrogen > 20 ppm was deemed a positive test and provided evidence of gut activity. In addition to hydrogen, methane breath levels were quantified, as 5-10% of hydrogen testing may result in false-negative results due to methane rather than hydrogen production (de Lacy Costello, Ledochowski, & Ratcliffe, 2013a). 
Statistical Analysis
We compared baseline values versus post-rinse maximum ammonia, hydrogen, and ethanol values for each subject in each study trial. As the raw data approximated log normal distributions, all data was log transformed (Limpert & Stahel, 2011)(Sorrentino, n.d.). Geometric means (µ*) and multiplicative standard deviations (MSD) (Braithwaite, 2014) were calculated. Reported results were back-transformed to the original scale after analysis. Two-way repeated measures analysis of variance (ANOVA) for treatment type (control versus challenge), change from baseline to maximum, and the interaction of treatment and change from baseline to maximum was performed. All statistical analyses were performed with SAS v9.2 (SAS Institute, Inc., Cary, NC). For all tests, a p-value of < 0.05 was considered significant.
We also explored the potential diagnostic utility of exhaled breath ammonia. We identified thresholds by which diagnostically significant increases in ammonia levels could be recognized and interpreted as a positive result. Increase in breath ammonia (maximum ammonia minus baseline ammonia) for each participant was calculated and compared to the following thresholds: 300 ppb, 400 ppb, 500 ppb, 600 ppb, 1.5 x baseline, 1.8 x baseline, and 2.0 x baseline. We calculated the sensitivity, or true positive rate, by counting those participants with an increase in breath ammonia during the intervention trial that exceeded a pre-defined threshold (positive result) and by dividing that count by the total number of participants (N=30). And, we calculated the specificity, or true negative rate, by counting those participants with an increase in breath ammonia during the control trial that did not exceed a pre-defined threshold (negative result) and by dividing that count by the total number of participants (N=30).

Results 
For 30 study participants, mean age was 24 years (SD, 7 yrs), 47% were men (14/30), and mean body mass index was 24.2 kg/m2 (SD, 4.0). Table 1 lists geometric means (µ*) and multiplicative standard deviations (MSD) for NH3, EtOH, and H2. Figure 1 illustrates the baseline and maximum values for control and intervention treatment types for NH3 (1a), EtOH (1b), and H2 (1c). The interaction of treatment type and change from baseline to maximum was significant for NH3 (p<0.0001), EtOH (p=0.017), and H2 (p<0.0001).
Figure 2a illustrates the mean ammonia and mean hydrogen calculated at each time point without consideration of subject-specific data, with maximum mean ammonia occurring at 300 minutes and maximum mean hydrogen at 240 minutes. The mean time difference between peak ammonia to peak hydrogen calculated for each participant was 45 minutes. Figure 2b shows the trends for ethanol and hydrogen calculated for each time point without consideration of subject-specific data; ethanol peaked 30 minutes after the oral challenge. And, when calculated for each participant, the peak ethanol occurred on average within one hour of the mouth rinse.
We explored the utility of increased breath ammonia by comparing breath values for intervention and control trials (Table 3). Sensitivity to discern response to protein challenge was greatest (97%) when defined as an increase in breath NH3 of at least 300 ppb. When greater increases in breath NH3 were required, the sensitivity was lower. At a pre-defined threshold of 600 ppb increase, the specificity was 100%; however, sensitivity was 77%. We also evaluated multiplicative increases from baseline (x1.5, x1.8 and x2) to determine an “elevation” in breath ammonia after high protein challenge compared to control trials, but this did not generate sensitivity above 87%. 
Four participants did not contribute to the EtOH analysis due to malfunction of data collection equipment and missing data for control trial EtOH values. Of these four, two were also missing data for the intervention trial. Furthermore, an additional two participants were excluded from the EtOH analysis due to exceptionally high EtOH levels attributable to alcohol consumption within 12 hours prior to testing. Twenty-eight participants contributed to H2 measurements because two participants did not produce measureable hydrogen (de Lacy Costello, Ledochowski, & Ratcliffe, 2013b).
Conclusions
Our results show that ammonia significantly increases over time in response to a high protein oral challenge compared to a negative control oral challenge, and we hypothesize that exhaled breath ammonia represents systemic ammonia. We also found that the ammonia peak following a high protein challenge is temporally related to the hydrogen peak (which identifies the time at which the food bolus encounters the major bacterial population of the distal small bowel and colon). This result is consistent with a gut-derived source of the systemic increase in ammonia. There are two putative mechanisms: increased activity of gut flora and/or activity of small bowel glutaminase. Notably, our interpretation of this temporally-associated increase in ammonia and hydrogen runs counter to the conclusions of others. However, we note that this temporal association does not prove the ammonia is gut-derived, and other mechanisms may contribute. For example, amino acid absorption in the proximal small bowel might result in ammonia release by inter-organ trafficking (e.g. from skeletal muscle) that could explain the temporal association. More research is needed to evaluate these possibilities.
Our median ammonia value is comparable to those measured by other groups (Schmidt et al., 2013; Smith, Spanel, & Davies, 1999; Turner et al., 2008) (Turner, Spanel, & Smith, 2006b). Some groups have concluded that exhaled breath ammonia measured via the mouth may be contaminated by oral bacterial products and exhaled breath ammonia does not reflect systemic or plasma ammonia (Schmidt et al., 2013)(Spaněl, Dryahina, & Smith, 2013). The differences between groups may be due to protocols followed during breath collection, mouth- versus nose-exhaled breath, or difference in devices used to collect samples. 
[bookmark: _GoBack]Importantly, we measured the phase III portion of the breath and reported an immediate decrease in breath ammonia before a steady increase to above baseline seen in samples collected over 5 hours. We propose that a recovery period after rinsing is necessary. If measurements are recorded without adequate lag time or not followed for a long enough duration, recorded breath ammonia values may be relatively low as maximum levels have not yet been achieved. Some investigators may have recorded low breath ammonia levels due to this methodological difference. For example, Adrover et al. report that samples were collected 15 minutes after tooth brushing with results that are much lower than those reported in the literature (Adrover et al., 2012).
 As an element to explore diurnal variation, we compared intervention to control trials. During control trials, we measured a modest increase in ammonia. Hibbard and Killard noted “a consistent decrease in oral breath ammonia concentrations by the early afternoon (post-prandial)...followed by gradual increase towards late afternoon” in two individuals (Hibbard & Killard, 2011a). As acknowledged by Hibbard and Killard, values they reported are lower on average than those reported here and in other studies (Enderby et al., 2009; Turner et al., 2006b). In our study, by comparing breath ammonia levels measured after oral intervention to levels after high protein intervention, each participant served as their own control. Breath ammonia was significantly increased after high protein intervention when compared to the control. 
Some investigators have recommended measurement of nose-exhaled breath indicating that it represents systemic ammonia and avoids oral contamination that occurs with mouth-exhaled samples (Wang et al., 2008a). Wang et al. report geometric means (MSD) of ammonia: 1088 (1.3) ppb, 885 (1.3) ppb, and 855 (1.3) ppb for three volunteers using a protocol that sampled “direct exhaled breath via the mouth.” Additionally, they employed protocols for direct exhaled breath via the nose and static gas in the oral cavity during breath hold. Others incorporated a urea mouth wash to evaluate the potential for oral contamination and found supra-physiologic ammonia levels (4500 ppb) seen in mouth-exhaled breath of a single subject (Smith, D, Chippendale, TWE, Dryahina, K, Spanel, 2013). However, this maneuver does not rule out a gastrointestinal source of mouth-exhaled breath ammonia. 
In reviewing the literature, results for breath ammonia collected via nose-exhaled versus mouth-exhaled protocols are different (Hibbard & Killard, 2011b; Wang, Pysanenko, Dryahina, Spaněl, & Smith, 2008c). Future research must clearly report the method of breath exhalation: nose- or mouth-exhaled, especially since the evidence indicates that nose-exhaled ammonia values are consistently lower than mouth-exhaled samples. This may be due to the greater surface area of the nasal cavity compared to the oral cavity to act as an ammonia sink. In that reproducible ammonia levels have been published in the literature, we propose that consistent use of either method will allow for the study of gut-derived ammonia.
Investigations have not definitively or reproducibly described the biological mechanisms that produce measurable ammonia in exhaled breath. Van de Poll et al. and Yang et al. have presented data supporting the thesis that gut-derived ammonia does not increase systemic ammonia in healthy persons without porto-systemic shunting (van de Poll et al., 2008) (Yang et al., 2000). The difference between our study results and these conclusions may be related to the methods used in the determination of ammonia levels. In our study, we collected exhaled breath, whereas van de Poll et al., for example, used phlebotomy from multiple body compartments during laparotomy. As well, the work of Olde Daminik et al. was exceptional, specifically because portal and hepatic vein phlebotomy occurred simultaneously (Mpabanzi et al., 2011).
While our study lacks data from blood assays, we do not believe this is an important impediment for the study of ammonia or ethanol. To illustrate with ammonia only, our breath assays measure exhaled NH3 presumably derived from the lungs while venipuncture measures NH4+ derived from a limb. As already noted, both approaches have the potential for significant variability and error. In the case of blood assays, this concern has been repeatedly reviewed. Thus, while NH3 and NH4+ may have a precise stoichiometric relationship at a given pH in a chemistry lab, the same relationship may not be observed when this most volatile metabolite is measured from different compartments of a whole organism. In fact, DuBois et al. used fiberoptic sensors to detect breath ammonium and compared it to arterial ammonium in 15 cirrhotic individuals and found no correlation (DuBois et al., 2005b). Nevertheless, our own preliminary work on this comparison using a separate cohort suggests a fair correlation between breath and blood ammonia (unpublished data). And, our current study provides an internal control by comparing repeated levels of breath ammonia in participants after an oral control intervention followed by a treatment intervention.
Our results also demonstrate significant increases in breath ethanol following a high protein challenge, compared to a negative control oral challenge that showed a similar yet less pronounced increase. This is consistent with the concept of gut-derived “endogenous ethanol”, which has previously been shown in several small studies using highly sensitive blood assays in response to food (Watanabe-Suzuki, Seno, Ishii, Kumazawa, & Suzuki, 1999) (Sarkola & Eriksson, 2001) as well as prior breath research using a murine model (K. Cope, Risby, & Diehl, 2000) and humans (Nair, Cope, Risby, Diehl, & Terence, 2001) (S F Solga et al., n.d.). Endogenous ethanol is postulated to contribute to the pathogenesis of non-alcoholic fatty liver and perhaps the metabolic syndrome (Aron-Wisnewsky, Gaborit, Dutour, & Clement, 2013) (Abu-Shanab & Quigley, 2010). 
However, a unique aspect of this study, especially in regards to the interpretation of the ethanol data, is the use of breath hydrogen. In contrast to ammonia and ethanol, hydrogen is easy to measure, inert, and its source is relatively non-controversial: it is produced when the food bolus residue encounters the bulk of bacteria in the distal small bowel and, to a greater degree, colon. It therefore serves as a distinctive and essential timing marker. This is important to the consideration of serial data after an oral challenge because gut transit time is variable and unpredictable (Huizinga & Lammers, 2009). Since “endogenous ethanol” has been postulated to be derived from this same microbial community (Zhu et al., 2013), then these peaks should be approximate temporally.
Notably, though, our ethanol peak, on both days, was consistently and considerably earlier than the hydrogen peak, suggesting that the source of the ethanol peak is unrelated to the direct impact of the food bolus residue entering the distal small bowel or colon. Both the source of this early peak and the absence of a later peak coinciding with the hydrogen peak were unexpected and not easily explained. However, the presence of an early peak has been appreciated by other breath researchers (Cope, Watson, Foster, Sehnert, & Risby, 2004b)(Smith, Spanel, & Davies, 1999). It is possible, therefore, that “gut derived” endogenous ethanol is actually from the relatively sterile stomach or proximal small bowel. 
Finally, we note more variability in ethanol response compared to ammonia. Since alcohol dehydrogenase is inducible and differentially expressed in various tissue beds including the gastrointestinal tract and liver (Engeland & Maret, 1993), increased variability may be expected.  It is also possible, therefore, that endogenous ethanol produced in the distal small bowel and colon are not measurable in breath due to rapid clearance and first pass metabolism in the liver. Our ethanol results are generally consistent with recent work that has explored the use of breath ethanol (often coupled with acetone) to determine blood glucose amongst diabetes (Table 3).
Our study also has various limitations, including small sample size and single-center experience. As our monitors are unique prototypes, our results may not be generalizable. Unfortunately, this is a common problem for trace breath analysis research. Furthermore, we are not able to verify the exact source of either ammonia or ethanol in our study. Perhaps the most important limitation, though, is that neither exhaled breath ammonia nor ethanol has yet been linked to a clinical outcome of interest. 
However, our study also highlights a key strength of breath analysis: the ability to non-invasively evaluate the individual’s response to a physiologic challenge. Each individual may therefore serve as his or her own control, and multiple data points can be easily obtained over several hours and testing days. 
Another important strength of both our work and breath analysis in general is the capability to evaluate gut flora activity in real time through a combination of biomarkers.  Naturally, each metabolite offers distinct information, but when combined they offer insights into digestion and metabolism not matched by other methods. In this instance, ammonia and ethanol represent by-products of protein and carbohydrate metabolism, respectively, while hydrogen serves as a reliable marker to time the passage of bolus through the gut. To our knowledge, no previous human breath study has measured these metabolites together in response to a physiologic challenge compared to a negative control day. We believe this approach; however, holds great promise and is timely given the worldwide effort to evaluate the impact of the gut microbiome on health and metabolism (Owyang and Wu 2014). Ongoing work will evaluate the differential response of breath ammonia to various kinds of proteins. 
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Table 1. Geometric mean (µ*) times and divide (÷/x) multiplicative standard deviation (MSD). 95.5% confidence interval (95.5% CI) is calculated as µ* ÷/x MSD. Ammonia (NH3) and ethanol (EtOH) are expressed in ppb. Hydrogen (H2) is expressed in ppm. Interaction of treatment and change from baseline to maximum was significant for NH3 (p<0.0001), H2 (P<0.0001), and EtOH (p=0.017). Calculation of hydrogen values excludes 2 participants (#1 and #2). Calculation of ethanol values excludes 6 participants (#4, #5, #21, #22, #28, #29).



Figure 1a. Breath ammonia (ppb) in control versus intervention groups. Interaction of treatment type and change from baseline to maximum was significant for NH3 (p<0.0001).


 
Figure 1b. Breath ethanol (ppb) in control versus intervention groups. Interaction of treatment type and change from baseline to maximum was significant for ethanol (p=0.017).
 



Figure 1c. Breath hydrogen (ppm) in control versus intervention groups. Interaction of treatment type and change from baseline to maximum was significant for hydrogen (p<0.0001).


Figure 2a. Breath ammonia (NH3) in ppb and hydrogen (H2) in ppm for control and intervention trials. N=30 for all NH3 measurements, N=28 for all H2 measurements. Open circle designates control trial NH3; closed circle, intervention trial NH3; open square, control trial H2; closed square, intervention trial H2. Arrow designates the time of intervention.
[image: ]

Figure 2b. Breath ethanol (EtOH) in ppb and hydrogen (H2) in ppm for control and intervention trials. N=24 for EtOH control measurements, N=26 for EtOH intervention trial measurements, N=28 for all H2 measurements. Open triangle designates control trial EtOH; closed triangle, intervention trial EtOH; open square, control trial H2; closed square, intervention trial H2.  Arrow designates the time of intervention.
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	Intervention Trial Data
	Control Trial Data

	
	Sensitivity 
	Specificity

	
	True positive rate
	False negative rate
	True negative rate
	False positive rate

	 
	n
	%
	95%CI
	n
	%
	95%CI
	n
	%
	95%CI
	n
	%
	95%CI

	300 ppb
	29
	97
	83-100
	1
	3
	0.1-17
	25
	83
	65-94
	5
	17
	6-35%

	400 ppb
	27
	90
	73-98
	3
	10
	2-27%
	28
	93
	78-99
	2
	7
	1-22%

	500 ppb
	26
	87
	69-96
	4
	13
	4-31%
	28
	93
	78-99
	2
	7
	1-22%

	600 ppb
	23
	77
	58-90
	7
	23
	10-42%
	30
	100
	88-100
	0
	0
	0-12%

	1.5 x baseline
	26
	87
	69-96
	4
	13
	4-31%
	26
	87
	69-96
	4
	13
	4-31%

	1.8 x baseline
	23
	77
	58-90
	7
	23
	10-42%
	29
	97
	83-100
	1
	3
	0.1-17%

	2.0 x baseline
	22
	73
	54-88
	8
	27
	12-36%
	30
	100
	83-100
	0
	0
	0-12%


 

Table 2. Table 2. Exploratory diagnostic application of breath ammonia levels (ppb). True positive (sensitivity) and false negative rates were calculated based on the intervention trial data, by counting those participants with increase in breath ammonia (maximum – baseline ammonia) that exceeded a pre-set threshold (positive result) and dividing by total number of participants (N=30). True negative (specificity) and false positive rates were calculated based on the control trial data by counting those participants with increase in breath ammonia (maximum – baseline ammonia) that did not exceed a pre-set threshold (negative result) and dividing by the total number of participants (N=30).95% CI, 95% confidence interval.
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Control H2
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Hydrogen (ppm)
Intervention H2
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Control NH3
diet_01	522.42065661485537	556.71957104557634	diet_02	1158.6292363717514	942.01909814323574	diet_03	222.6930928518118	318.96675749318803	diet_04	253.25530405743413	373.46731234866843	diet_05	771.15131143366455	505.34629156010226	diet_06	552.16775901605172	1131.608247422681	diet_07	370.59958082064787	388.14459102902379	diet_08	893.06353871168039	1037.634017595308	diet_09	704.26737195314956	848.71979695431446	diet_10	1420.3326237418105	1973.658227848101	diet_11	290.39216189409603	226.65988700564978	diet_12	579.92322228820922	952.80113960113965	diet_13	430.35953850997822	478.06454767726149	diet_14	1309.5303272174115	1321.1487179487176	diet_15	855.85288338590851	924.77227722772307	diet_16	1472.863563503608	1341.6969696969695	diet_17	789.14986639220535	1086.4119106699757	diet_18	968.3434794033401	1241.699481865285	diet_19	574.04987689563075	226.58305084745768	diet_20	1739.709945444826	402.78549222797938	diet_21	878.37389082328025	1490.0268096514747	diet_22	249.7142040646842	347.65822102425875	diet_23	807.75907644594702	835.9107438016531	diet_24	193.7104924493257	284.90059880239517	diet_25	1104.8331881820925	640.3156164383563	diet_26	874.71300266698506	1223.1713554987216	diet_27	899.47870181796861	640.37406483790517	diet_28	613.21371690791921	892.22507288629754	diet_29	877.3448553408565	1019.7139664804472	diet_30	690.7896874021111	926.53251533742343	mean	768.95620522030777	819.32454503224324	Baseline                                          Maximum
Ammonia (ppb)
Intervention NH3
diet_01	219.28429012696856	1181.399477806789	diet_02	1300.9470534831928	1761.2090395480234	diet_03	102.53634115715251	645.67383177570116	diet_04	457.8660072242244	1733.0591259640098	diet_05	1119.1867169678894	1530.9865229110503	diet_06	1360.5251989389919	3495.6460176991131	diet_07	141.02330725667824	1766.8994708994715	diet_08	244.95789574496038	1275.3209876543212	diet_09	1059.1748589658653	2370.0549450549443	diet_10	593.56247327581229	1881.945652173913	diet_11	290.39216189409603	226.65988700564978	diet_12	741.94753718678237	1454.8455696202536	diet_13	2468.4648627624852	3398.2885572139321	diet_14	976.98312937457069	2177.070866141732	diet_15	1286.6343407217819	2217.253012048192	diet_16	978.61148331639379	1837.4639175257732	diet_17	895.24937806578362	2150.773869346735	diet_18	1207.1869305280018	2548.6787878787873	diet_19	753.04401906444571	1703.1932773109245	diet_20	1075.3230824113277	2528.6733668341722	diet_21	739.66950161237094	1869.6976127320954	diet_22	707.8771689990723	2396.2754491017959	diet_23	950.35436778456676	2801.9889502762421	diet_24	139.36616105797788	741.89534883720899	diet_25	534.69360546016105	1416.4932975871313	diet_26	971.73932579553286	2936.4800000000005	diet_27	946.8244059756895	1036.2330097087372	diet_28	625.39365038356766	1599.8980169971665	diet_29	845.7551146229639	1231.4457831325303	diet_30	556.95212870837315	1916.6913580246915	mean	820.67441217162047	1886.7752318229848	Baseline                                        Maximum
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Ammonia (ppb) Hydrogen (ppm) Ethanol (ppb)

Baseline NH;  Maximum NH, | BaselineH, MaximumH, | Baseline EtOH _Maximum EtOH

Control 18 703+/x1.8 5424 9+/*2.0 714/+3.0 252+/*3.1

Intervention 661+/%2.1 1743 +/*1.5 7+/x24 a7+/x2.1 62+/*1.9 456+/%3.8




