
1 
 

Title: GASTRIC ACIDITY IN DIFFERENT PHENOTYPES OF SYMPTOMATIC 

GASTROESOPHAGEAL REFLUX DISEASE 

Running Title: GASTRIC ACIDITY IN GERD 

Author: Jerry D. Gardner 

 Science for Organizations 

75 DeSilva Island Drive 

Mill Valley, CA 94941 

gardnerj@verizon.net 

phone - 415-381-1041 

 

ORCID ID https://orcid.org/ 0000-0001-9642-864X 

 

The work described in this manuscript has not been published and is not being 

considered for publication elsewhere.  

Keywords: gastric pH, gastric acidity, cumulative acidity, integrated acidity. 

Disclosure: Nothing to disclose. 

Writing Assistance: None. 

Conflict of Interest Statement: Dr. Gardner is President of Science for Organizations 

(www.scifororg.com), a company that provides consulting services to biotechnology and 

pharmaceutical companies. These activities have no conflict of interest with the 

analyses in the present paper. 

Ethics Approval: For this retrospective analysis of clinically indicated tests with no 

identifiable patient data, the Stanford University Institutional Review Board determined 

that this research does not involve human subjects as defined in 45 CFR 46.102(f) or 21 

CFR 50.3 (g). 

 

All data produced in the present study are available upon reasonable request to the 

authors. 

 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted April 17, 2023. ; https://doi.org/10.1101/2023.04.11.23288425doi: medRxiv preprint 

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.

mailto:gardnerj@verizon.net
https://orcid.org/
https://doi.org/10.1101/2023.04.11.23288425
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 
 

ABSTRACT 

Background. The present report examines gastric pH from normal subjects and different 

gastroesophageal reflux disease (GERD) phenotypes to compare the distributions of 

gastric pH values and of changes in gastric acid concentrations to those reported 

previously for esophageal pH from the same groups of subjects. I also examined total 

esophageal acidity as a function of total gastric acidity in the different groups of 

subjects. 

Methods. I analyzed 24-hour gastric and esophageal pH recordings from normal 

subjects and subjects with a particular GERD phenotype to calculate total integrated 

acidity and total time pH<4. I also examined gastric pH recordings for the distributions of 

gastric pH values and the distributions of changes in gastric acidity. 

Results. There were different distributions for gastric pH, but virtually identical 

distributions of changes in gastric acid concentrations in the different groups of subjects. 

There was a significant positive relationship between total integrated esophageal acidity 

and total integrated gastric acidity in different GERD phenotypes, but not in normal 

subjects. The slope of the line relating integrated esophageal acidity to gastric acidity 

correlated directly with the responses of different GERD phenotypes to PPI treatment 

reported previously by others. 

Conclusions. It seems possible esophageal acidity and gastric acidity can influence 

each other and by so doing account for the variation in the differences in the 

distributions of values of pH and acid concentrations among normal subjects and 

different GERD phenotypes. Furthermore, the strength of the relationship between 

esophageal and gastric acidity can determine the response to PPI treatment. 
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INTRODUCTION 

Previously (1), I reported that in analyses of time-series data for esophageal pH from 

normal subjects and subjects with a particular GERD phenotype, values for esophageal 

pH followed a power law distribution for each group of subjects. The distribution of 

changes in esophageal acid concentration spanned four orders of magnitude and 

variation was greatest in normal subjects, less in Functional Heartburn subjects, still 

less in Reflux Hypersensitivity subjects and least in NERD subjects. 

Since gastric acid is the source of esophageal acid, I have conducted the same 

analyses in the same subjects in whom I previously analyzed esophageal pH (1). I have 

also examined the extent to which the relationship between esophageal acidity and 

gastric acidity might account for the reported clinical response of different GERD 

phenotypes to treatment with a proton pump inhibitor (PPI). 

SUBJECTS 

Subjects for the present analyses were the same subjects used for previous analyses 

(1-4). 

Patients were identified by exploring the electronic database at the Royal London 

Hospital GI Physiology Unit that contains clinically indicated impedance-pH recordings 

(Sandhill Scientific, Highlands Ranch, CO) from patients with typical symptoms of 

gastroesophageal reflux.  

Using Lyon consensus definitions of symptomatic GERD phenotypes,(5, 6), I selected 

24-hour esophageal and gastric pH recordings from normal subjects (n=20), Functional 

Heartburn subjects (n=20), Reflux Hypersensitivity subjects (n=20), and nonerosive 

esophageal reflux disease (NERD) subjects (n=20). All subjects had a normal upper 

gastrointestinal endoscopy at the time of the impedance-pH study. The pH recordings 

from one normal subject were technically unsatisfactory and were omitted from the 

present analyses.  
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As reported previously (1, 3), for this retrospective analysis of clinically indicated tests 

with no identifiable patient data, the Stanford University Institutional Review Board 

determined that this research does not involve human subjects as defined in 45 CFR 

46.102(f) or 21 CFR 50.3 (g) (7). 

Values from impedance-pH testing from subjects for the present analyses have been 

published previously (1-4). Normal subjects, Functional Heartburn subjects and Reflux 

Hypersensitivity subjects all had normal esophageal acid exposure time (AET) with 

normal esophageal pH <4 for less than 4% of the 24-hour esophageal pH recording. 

NERD subjects had increased esophageal  AET of pH <4 for greater than 6% of the 24-

hour esophageal pH recording. Reflux Hypersensitivity subjects had a positive 

association of symptoms with reflux episodes (Symptom Index (8)) and a Symptom-

association Probability (9), whereas Functional Heartburn subjects had no association 

of symptoms with reflux episodes (negative Symptom Index and negative Symptom-

association Probability). Normal subjects had no symptoms during the impedance-pH 

testing. 

 

METHODS 

Methods for the present analyses were identical to those used for previous analyses (1-

3). 

The impedance-pH catheter was inserted with an esophageal pH sensor positioned 

5cm above the upper border of the lower esophageal sphincter and a gastric pH sensor 

positioned 15cm below the esophageal pH sensor. Six impedance channels were 

positioned 3, 5, 7, 9, 15 and 17cm above the lower esophageal sphincter, respectively. 

Software provided by Sandhill to process pH recordings automatically adjusts all pH 

values for the difference between the calibration temperature of 25C and the recording 

temperature of 37C. Software provided by Sandhill  was also used to export pH data for 

every 4th second of the recording to an Excel file. 

All pH values below 0.5 were replaced by 0.5 and all pH values above 7.5 were 

replaced by 7.5.  
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To determine cumulative acid concentration for a subject, all pH values were converted 

to acid concentration in mmol/L The sum of all values for acid concentration for that 

subject was calculated and each value of acid concentration was then expressed as a 

percentage of the cumulative acid concentration. The distribution of the change in 

sequential values of acid concentration was calculated for gastric acidity for each 

subject. The frequency distributions of changes in acid concentration for each group of 

subjects were calculated as the means of the values from all subjects in the group for 

each bin of the distribution. Expressing acid concentration as a percentage of 

cumulative acid concentration for a given subject makes it possible to examine 

differences in the distributions of changes in acid concentration that do not depend on 

the magnitude of the acid concentration per se. Others (10) have calculated the change 

in values in a time-series as a percentage difference from the mean of all values.   

Total acidity was calculated as integrated acidity described previously (11) for each  

esophageal and gastric pH record as the time-weighted average of the acid 

concentration in mmol/L. Total acidity was also calculated as the percentage of the total 

time pH<4.  

Curve fitting and statistical analyses were performed using GraphPad Prism 9.4.1 

software. Because the present analyses were exploratory, P-values were not adjusted 

for multiple comparisons. 
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RESULTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.RESULTS OF CURVE FITTING OF DISTRIBUTIONS OF GASTRIC pH 
VALUES IN NORMAL SUBJECTS AND GERD PHENOTYPES 

PHENOTYPE 
P-VALUE SLOPE 

NON-LINEAR 

5TH ORDER POLY 
BETTER FIT THAN 
4TH ORDER POLY 

F-VALUE (DFn, 
DFd) 

NL 0.0006 0.0168 6.75 (1, 21) 

FX HB 0.0001 <0.0001 60.68 (1, 21) 

RFX HYP 0.0024 0.018 6.59 (1, 21) 

NERD 0.0027 0.0003 18.27 (1, 21) 

Abbreviations are NL – normal; FX HB – Functional Heartburn; RFX HYP – Reflux 
Hypersensitivity; NERD – non erosive reflux disease; POLY - polynomial. The p-value 
for non-linear slope is from a Runs test. The p-value comparing polynomial fits is from 
an F-test DFn – degrees of freedom numerator; DFd – degrees of freedom 
denominator. 

Figure 1. Distributions of values of gastric pH in normal subjects and 

GERD phenotypes. Values given on the Y-axis are mean frequencies for 

the bin indicated on the X-axis .The solid lines are from a fit of the data to 

a fifth-order polynomial. Abbreviations are NL – normal subjects; FX HB – 

Functional Heartburn subjects; RFX HYP – Reflux Hypersensitivity 

subjects; NERD – Nonerosive Reflux Disease subjects. The number of 

subjects in each group is given in parentheses after each abbreviation.  
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Figure 1 displays the distributions of gastric pH values from normal subjects and GERD 

phenotypes. Results in Table 1 show that each distribution in Figure 1 is significantly 

non-linear by a Runs test and is significantly better fit by a 5th-order polynomial than by 

a 4th order polynomial. Each distribution was not significantly better fit by a 6th-order 

polynomial than by a 5th order polynomial by an F-test (Results not shown). 

The polynomial model has no physiologic significance. It is simply a model that creates 

a curve that comes close to the data points and makes it possible to test the data for 

statistical differences as summarized in Table 2. 

Table 2. COMPARISON OF THE POLYNOMIAL FITS OF DISTRIBUTIONS OF 
GASTRIC pH VALUES IN NORMAL SUBJECTS AND GERD PHENOTYPES. 

COMPARISON P-
VALUE 

F-VALUE (DFn, 
DFd) 

ARE SLOPES DIFFERENT? <0.0001 6.58 (18, 84) 

NL VS FX HB <0.0001 14.88 (6, 42) 

NL VS RFX HYP 0.0026 4.07 (6, 42) 

NL VS NERD 0.0051 3.66 (6, 42) 

FX HB VS RFX HYP 0.1648 1.62 (6, 42) 

FX HB VS NERD <0.0001 17.16 (6, 42) 

RFX HYP VS NERD 0.0003 5.54 (6, 42) 

Abbreviations are NL – normal; FX HB – Functional Heartburn; RFX HYP – Reflux 
Hypersensitivity; NERD – non erosive reflux disease; DFn – degrees of freedom 
numerator; DFd – degrees of freedom denominator. The p-value is from an F-test. 

 

Results in Table 2 show that each pair of comparisons was significantly different except 

the pair comparing the distribution of gastric pH values from Functional Heartburn 

subjects to that from Reflux Hypersensitivity subjects. 
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Previously, I found that the distribution of changes in cumulative esophageal acidity is 

biphasic for each GERD phenotype and normal subjects (1). Each distribution spanned 

at least 4 orders of magnitude, and was best fit by a 6th order polynomial (1). 

Furthermore, all pairwise comparisons were significantly different at P<0.0001 by an F-

test, and the variation in esophageal acid concentrations was greatest in normal 

subjects, less in Functional Heartburn, still less in Reflux Hypersensitivity and least in 

NERD (1). In contrast to the distributions of changes in esophageal acid concentrations,  

the distributions of changes in gastric acid concentrations illustrated in Figure 2,  

although biphasic, span only 1.5 orders of magnitude, and are essentially identical for 

all GERD phenotypes and normal subjects.  

 

Figure 2. Distributions of change in values for cumulative gastric acidity for 

GERD phenotypes and normal subjects. Values given on the Y-axis are 

mean frequencies for the bin indicated on the X-axis .Abbreviations are 

CUM – cumulative; GAS – gastric. 
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Figure 3. Plots of total integrated esophageal acidity versus total integrated 

gastric acidity for GERD phenotypes and normal subjects. Results are from 20 

subjects in each GERD phenotype and from 19 normal subjects. 
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Figure 4. Plots of total time esophageal pH<4 versus total time gastric pH<4 

for GERD phenotypes and normal subjects. Results are from 20 subjects in 

each GERD phenotype and from 19 normal subjects. 
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Table 3. RESULTS FROM LINEAR REGRESSION ANALYSES OF ESOPHAGEAL 
ACIDITY VERSUS GASTRIC ACIDITY. 
 

NORMAL 
FUNCTIONAL 
HEARTBURN 

REFLUX 
HYPERSENSITIVITY 

NERD 

INTEGRATED ACIDITY 

SLOPE -0.00158 0.00134 0.00898 0.0217 

R2 0.0529 0.0870 0.8607 0.3583 

P-VALUE SLOPE 
NON-ZERO 

0.3291 0.2069 <0.0001 0.0053 

P-VALUE SLOPE 
NON-LINEAR 

0.0227 0.460 0.208 0.570 

TIME PH<4 

SLOPE 0.0654 0.0143 0.0554 0.0788 

R2 0.0846 0.106 0.173 0.0053 

P-VALUE SLOPE 
NON-ZERO 

0.2134 0.1614 0.0685 0.7604 

P-VALUE SLOPE 
NON-LINEAR 

0.8174 0.95551 0.8842 0.7604 

P-VALUE SLOPE NON-ZERO was determined with an F-test. P-VALUE SLOPE 
NON-LINEAR was determined with a Runs test. Results are from linear, least-squares 
regression analyses of the data in Figures 3 and 4. 

 

Results in Table 4 show that the slope of the line relating total integrated esophageal 

acidity to total integrated gastric acidity in Figure 3 was significantly different from zero 

for Reflux Hypersensitivity and NERD subjects but nor for Functional Heartburn and 

Normal subjects. The slope was significantly non-linear for Normal subjects but not for 

any GERD phenotype. Furthermore, in analyses of 26 normal subjects studied on 2 

separate occasions 7 days apart reported previously (12), the slope of the line relating 

total integrated esophageal acidity to total integrated gastric acidity was not significantly 

different from zero (results not shown). 

Results in Table 3 also show that the slope of the line relating total time esophageal 

pH<4 to total time gastric pH<4 in Figure 4 was not significantly different from zero and 

was not significantly non-linear for any GERD phenotype or Normal subjects 

De bartoli and colleagues (13) treated subjects with GERD symptoms and a negative 

upper gastrointestinal endoscopy with a single daily standard dose of a proton pump 

inhibitor (PPI) for 8 weeks. Subjects’ symptoms were assessed before and at the end of 
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PPI treatment using the GERD impact scale (GIS) and a visual analog scale (VAS) for 

heartburn and regurgitation. A satisfactory response to the PPI was a decrease in the 

GIS and VAS of at least 75% from baseline. An unsatisfactory response was a  

decrease in the GIS and VAS of less than 50% from baseline. After stopping PPI 

treatment for 14 days, all subjects underwent impedance-pH measurements that were 

used to assign subjects to Functional Heartburn, Reflux Hypersensitivity or NERD 

groups. 

The magnitude of the slopes of the lines relating total integrated esophageal acidity to 

total integrated gastric acidity illustrated in Figure 3 measure the strength of the 

association between esophageal acidity and gastric acidity. Figure 5 compares the 

response as well as the non-response of a particular GERD phenotype to a PPI 

reported in reference 13 to the value of the slope for the same GERD phenotype given 

in Table 3. I included the slope for Functional Heartburn subjects in Figure 3 even 

though it was not significantly different from zero because it seemed possible that the 

lack of statistical significance for this slope might be due to an under-powered sample 

size. 

 

Figure 5. Plots of the percent of subjects responding to a proton pump inhibitor (PPI) 

and percent of subjects not responding to a PPI for an individual GERD phenotype 

and the corresponding slope of a plot of total integrated esophageal acidity (INT ESO) 

versus total integrated gastric acidity (INT GAS) for the same phenotype. Values for 

PPI responders and non-responders were calculated from data in Figure 3 in 

reference 13. Values for slopes were from data in Figure 3 and Table 3 from 20 

subjects in each GERD phenotype. 
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Figure 5 shows that as the slope that quantifies the relationship between esophageal 

and gastric acidity increases, the proportion of subjects that respond to a PPI increases 

and the proportion of subjects that do not respond to a PPI decreases. 

DISCUSSION 

Previous analyses of esophageal pH data from the same subjects that provided data for 

the present analyses found that the esophageal pH values followed a different power 

law distribution in each group of normal subjects and different GERD phenotypes. The 

distributions of changes in esophageal acid concentrations were greatest in normal 

subjects, less in Functional Heartburn subjects, still less in Reflux Hypersensitivity 

subjects and least in NERD subjects (1). The present analyses, however, found 

different distributions for gastric pH values that could be described by a 5th-order 

polynomial in normal subjects and each GERD phenotype, but virtually identical 

distributions of changes in gastric acid concentrations in the different groups of subjects. 

The difference between the distribution of gastric pH values and the distribution of 

changes in gastric acidity is at least partly attributable to distributions of changes in 

gastric acid concentration being adjusted for the values of acid concentration per se by 

calculating change with each sequential concentration expressed as a percentage of 

total cumulative gastric acid concentration. Figures 1 and 3 show the wide range of 

differences in gastric pH and acidity among the different subject groups that could 

influence the distributions of changes in acid concentration if not adjusted for. Others 

(10) have calculated the change in values in a time-series as a percentage difference 

from the mean of all values.   

Since gastric acid is generally considered to be the source of esophageal acid in normal 

as well as GERD subjects, one might not expect differences between the distributions of 

esophageal pH and gastric pH or between the distributions of changes in esophageal 

acidity and gastric acidity. On the other hand, analyses using vector autoregression, a 

theory-free set of inter-related linear regressions used to measure relationships that can 

change over time, found that in pH records from normal subjects, as well as GERD 

subjects alone and after treatment with a proton pump inhibitor, gastric pH values 
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provided important information regarding subsequent values of esophageal pH and 

values of esophageal pH provided important information regarding subsequent values 

of gastric pH (14). The ability of gastric pH and esophageal pH to provide information 

regarding subsequent values of each other was reduced in subjects with GERD 

compared to normal subjects. Furthermore, in normal subjects infusing acid into the 

esophagus, but not into the stomach, reduced gastric acidity (15).  Infusing acid into the 

esophagus of normal subjects, however, did not alter gastric acidity during fasting and 

although the magnitude of the decrease in gastric acidity varied directly with meal-

stimulated gastric acid secretion, the decrease in gastric acidity could only be detected 

beginning 3 hours after the end of the meal (15). These findings are consistent with the 

hypothesis that esophageal acidity and gastric acidity can influence each other in 

normal subjects and GERD phenotypes, and by so doing possibly account for the 

variation in the differences in the distributions of values of pH and acid concentrations 

among normal subjects and different GERD phenotypes. 

There was a significant positive relationship between total integrated esophageal acidity 

and total integrated gastric acidity in NERD and Reflux Hypersensitivity subjects and 

possibly in Functional Heartburn subjects as well, but not in normal subjects. In 

contrast, there was no significant relationship between esophageal acidity and gastric 

acidity when acidity was measured as time pH<4. A previous study also found a poor 

correlation between integrated esophageal acidity and time esophageal pH<4 (12). The 

lack of a relationship between esophageal acidity and gastric acidity measured as time 

pH<4 is likely due to the fact that time gastric pH<4 truncates values of high gastric 

acidity. For example, one hour of gastric pH of 3.5 and one hour of gastric pH of 1.5 

would have the same value of time pH<4 even though there is a 100-fold difference in 

the acid concentrations. 

The strength of the relationship between esophageal acidity and gastric acidity reflected 

by the magnitude of the slope of a linear regression analysis of the two values in 

different GERD phenotypes correlated directly with the responses of different GERD 

phenotypes to PPI treatment and inversely with the lack of response to PPI treatment in 

the same phenotypes. It seems possible that the reduced variation in esophageal acid 
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concentrations in a particular GERD phenotype results in tighter coupling with gastric 

acidity and the resulting effectiveness of PPI treatment that reduces esophageal acidity 

by acting on gastric acidity. One limitation of the present analyses, however, is that we 

have no data for the clinical effectiveness of PPIs from the subjects that provided the pH 

recordings and instead, relied on published results from other subjects. 

Another limitation of the present analyses is that they do not provide an explanation for 

the existence of symptoms such as heartburn and regurgitation in Functional Heartburn 

and Reflux Hypersensitivity subjects but not in normal subjects although all three groups 

have normal esophageal acid exposure. Previous analyses of the same subjects used 

for the present study found that esophageal acid sensitivity appears to oscillate in each 

GERD phenotype, and for a given value of esophageal acid sensitivity, Reflux 

Hypersensitivity subjects have significantly more sequential symptoms associated with 

this sensitivity than do Functional Heartburn subjects (3). This difference between 

Functional Heartburn subjects and Reflux Hypersensitivity subjects might indicate that 

the lower variation of values of esophageal acid concentrations in Reflux 

Hypersensitivity subjects can account for the increase in GERD symptoms. The lower 

variation of esophageal acid concentrations in GERD phenotypes than in normal 

subjects might also explain why GERD phenotypes but not normal subjects have 

heartburn and regurgitation. 

On the other hand, the oscillation of esophageal acid sensitivity in GERD phenotypes 

might reflect a property of esophageal mucosa that results in symptoms being produced 

by normal or increased esophageal acid exposure regardless of the variation in 

esophageal acid concentrations. 
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