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Review article: methods of measuring gastric acid secretion
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Background: Gastric acid has an important pathophysiological role in human beings. Numerous methods have been evaluated over the years in an attempt to measure gastric acid and stomach acidity, to study the role of gastric acid in gastrointestinal diseases in humans and to evaluate the effects of acid suppressing drugs. Aim: To review methods which have been used to measure gastric acid and gastric acidity.

Methods: Searches of the electronic databases PUBMED, MEDLINE and EMBASE, were performed with articles restricted to English language and human subjects. References were also identified from the bibliographies of selected articles. Results: Methods for measuring gastric acid include both invasive and non invasive techniques. Invasive tests include the conventional gastric acid aspiration tests, gastric pH measurement techniques and endoscopic methods. Non invasive methods use urinary analysis, breath analysis, serum pepsinogens assay, scintigraphic techniques, impedence tomography and alkaline tide for measurement of gastric acid. Conclusions: Several methods of measuring gastric acid exist. Invasive tube tests are uncomfortable and time consuming whereas most of the noninvasive methods are at best semi quantitative and useful in detecting low or

Introduction

It had been known for a long time that the human stomach secreted an acidic fluid but its exact nature was not clear until the early 19 th century when Prout showed the presence of hydrochloric acid in gastric juice. [START_REF] Prout | On the nature of acid and saline matters usually existing in stomach of animals[END_REF] Beaumont, with his famous experiments on a patient with a permanent gastric fistula, provided more insight into the factors that influence the secretion of gastric acid in his work, Experiments and Observations on the Gastric Juice and the Physiology of Digestion. [START_REF] Beaumont | Experiments and Observations on Gastric-Juice and Physiology of Digestion[END_REF] Since then, a variety of methods of measuring gastric acid both qualitatively and quantitatively have been discovered and tested in different pathological states, adding to our knowledge about gastric acid. Before the discovery of H.pylori it was widely believed that peptic ulcer disease was caused by excess acid secretion but following the recognition of this organism's role in the pathogenesis of peptic ulcer disease and its effect on acid secretion, interest in measuring gastric acid output declined. The widespread use of endoscopy and the invasive nature of reliable quantitative methods of measuring gastric acid have contributed to this trend.

However there still exists a need to measure gastric acid secretion. Gastric acid is believed to be important as a protective mechanism against ingested pathogens. [START_REF] Martinsen | Gastric juice: a barrier against infectious diseases[END_REF][START_REF] Cook | Infective gastroenteritis and its relationship to reduced gastric acidity[END_REF] Low acid output states may predispose to enteric infections e.g. E. coli and V. cholerae, whereas the use of acid suppressant drugs such as proton pump inhibitors have been associated with a higher incidence of gastroenteritis, pneumonia and Clostridium difficile infections. [START_REF] Giannella | Influence of gastric acidity on bacterial and parasitic enteric infections. A perspective[END_REF][START_REF] Sack | Gastric acidity in cholera and noncholera diarrhoea[END_REF][START_REF] Laheij | Risk of community-acquired pneumonia and use of gastric acid-suppressive drugs[END_REF][START_REF] Canani | Therapy with gastric acidity inhibitors increases the risk of acute gastroenteritis and community-acquired pneumonia in children[END_REF][START_REF] Dial | Use of gastric acid-suppressive agents and the risk of community-acquired Clostridium difficile-associated disease[END_REF] High levels of acidity are seen in duodenal ulcers and patients with Zollinger-Ellison syndrome whilst low or absent acid secretion is found in pernicious anaemia , atrophic gastritis and gastric carcinoma. [START_REF] Kwiecien | Gastric analysis with fractional test meals (ethanol, caffeine, and peptone meal), augmented histamine or pentagastrin tests, and gastric pH recording[END_REF] In countries with a high incidence of gastric cancer there have been attempts at identifying patients with extensive gastric atrophy, as this is believed to be a precursor for the intestinal type of gastric cancer. Gastric atrophy results in reduction of parietal cell mass and can cause reduction or absence of detectable gastric acid.

Hence an absent or reduced gastric acid output state (achlorhydria or hypochlorhydria) can be a marker of increased risk of developing gastric cancer. [START_REF] Hitchcock | Screening for gastric cancer[END_REF] Thus, methods to detect reduced gastric acid output, particularly non invasive techniques, have the potential to be used as screening tools to detect patients at risk for this condition. Gastric acid measurement may also be useful in pharmacological trials assessing the acid suppressing capacity of new drugs and in modifying treatment in dyspeptic patients who do not appear to be responding to acid suppressive medications.

Another use of gastric acid measurement is to distinguish between causes of fasting hypergastrinaemia. Under normal physiological conditions the hormone gastrin stimulates gastric acid secretion and the presence of acid in the gastric antrum in turn inhibits gastrin release. Increased levels of gastrin associated with an increased stomach pH can be due to gastric atrophy, use of acid suppressing drugs or after vagotomy. On the other hand Conventional methods of measuring gastric acid secretion involve aspiration of gastric contents through a tube placed in the stomach during stimulation of acid secretion by histamine, pentagastrin or tetragastrin. [START_REF] Kay | Effect of large doses of histamine on gastric secretion of HCI; an augmented histamine test[END_REF][START_REF] Johnston | Use of pentagastrin in a test of gastric acid secretion[END_REF][START_REF] Hansen | The effect of tetragastrin on gastric acid secretion. Reproducibility and comparison with the pentagastrin test and the augmented histamine test[END_REF] However these tests are uncomfortable, time consuming and can cause side effects. As a result several alternative approaches to measuring gastric acid have been evaluated over the years including some novel approaches. This review aims to evaluate these tests along with the established conventional tests.

Methods

We searched the following electronic databases: Pubmed, Medline and Embase with the following keywords: gastric acid measurement, pentagastrin test, histamine test, pepsinogens, intragastric pH, Heidelberg capsule, breath test for gastric acid and alkaline tide. The key words were chosen to maximize the chances of obtaining articles related to the above known methods for gastric acid estimation. The search was confined to articles in the English 

Results

For clarity the methods of gastric acid measurement have been divided into two broad groups, invasive and non-invasive, as detailed in table 1.

A) Invasive methods

Conventional aspiration tests for gastric acid measurement.

Conventional methods for measuring gastric acid are performed by aspiration of gastric contents through a nasogastric tube during gastric acid stimulation.

These tests are regarded as the most accurate quantitative tests for measuring gastric acid secretion. The principle underlying these tests is to aspirate gastric acid through a tube placed in the most dependent part of the stomach and determining the acid content by measuring the volume of the gastric juice aspirated and its acidity. Gastric contents can be aspirated either constantly with a vacuum pump or intermittently, manually by a syringe. After aspiration the acidity of the gastric acid can be derived by titration to a pH 7 using an alkaline solution and chemical indicators or pH meters. The position of the gastric tube in the most dependent part of the stomach can be confirmed either radiologically or by a water recovery test. In the water recovery test, the subject drinks 20 mls of water and if 16-20 mls of it can be aspirated via the gastric tube it can be taken as a marker that the tube is in a satisfactory position. [START_REF] Findlay | Comparative evaluation of water recovery test and fluoroscopic screening in positioning a nasogastric tube during gastric secretory studies[END_REF] Findley et al. compared both the above methods and found no significant differences in measurement of acid output using either the radiological method or the water recovery test. [START_REF] Findlay | Comparative evaluation of water recovery test and fluoroscopic screening in positioning a nasogastric tube during gastric secretory studies[END_REF] These tests can measure both basal and stimulated acid secretion. Basal acid output (BAO) represents the output of a fasting, unstimulated stomach. [START_REF] Meeroff | The nomenclature of gastric acid output[END_REF] The levels of BAO can fluctuate diurnally, even hourly and is obtained by aspiration of gastric acid for an hour (i.e. sum of four 15 minute collections) from a fasted stomach. It is thought to reflect the background vagal tone mediated via acetylcholine. Maximal acid output (MAO) and Peak acid output (PAO) on the other hand are measures of stimulated acid secretion. Maximal acid output (MAO) is defined as the total acid secretion for the period of 60 minutes after administration of a gastric stimulant that cannot be increased by higher doses of the stimulant. It corresponds to the sum of the four 15 minute collections of gastric acid after stimulation and correlates to the parietal cell mass. [START_REF] Iijima | A new endoscopic method of gastric acid secretory testing[END_REF][START_REF] Card | The relationship between the acid output of the stomach following "maximal" histamine stimulation and the parietal cell mass[END_REF] Peak acid output (PAO) on the other hand is the highest rate of gastric acid secretion that can be achieved in an individual after injection of a gastric stimulant. [START_REF] Meeroff | The nomenclature of gastric acid output[END_REF] [START_REF]Manual of Gastroenterologic Procedures[END_REF] Initial methods of stimulating gastric acid involved the administration of test meals to subjects, following which stomach contents were aspirated and acid content was calculated by titration. [START_REF] Lawrie | The Measurement of Gastric Acid[END_REF] However, partial neutralization of the acid by the test meal, the practical difficulties of trying to titrate a food filled gastric fluid and the fact that these tests were neither precise nor reproducible led to the development of newer techniques for measuring stimulated gastric acid secretion.

In most techniques the basal acid output is measured first, gastric stimulant is given following which the maximal and peak acid output is obtained. The earlier tests used histamine as the gastric acid stimulant given intravenously or subcutaneously, either as a bolus or infusion. The best known method is the augmented histamine test described by Kay in 1953. [START_REF] Kay | Effect of large doses of histamine on gastric secretion of HCI; an augmented histamine test[END_REF] Histamine in a dose of 40µg/kg was administered subcutaneously and peak acid output could be obtained within one hour. However, histamine had side effects that included nausea, palpitations and hypotension and this necessitated the administration of a histamine 1 receptor antagonist (H 1 antagonist) prior to the histamine injection. An analogue of histamine called Betazole (Histalog) which had a lower incidence of side effects has also been used at a dose of 2mg/kg . [START_REF] Kwiecien | Gastric analysis with fractional test meals (ethanol, caffeine, and peptone meal), augmented histamine or pentagastrin tests, and gastric pH recording[END_REF][START_REF] Ward | Comparison of histalog and histamine as stimulants for maximal gastric secretion in human subjects and in dogs[END_REF][START_REF] Goldenberg | A clinical evaluation of the maximal histalog test[END_REF] However, with the introduction of pentagastrin in the late 1960s , the use of histamine and its analogue declined. Pentagastrin is a derivative of gastrin and is a synthetic polypeptide containing the 5 Carbon-terminal amino acid sequence of gastrin. It has the ability to stimulate gastric acid secretion maximally in the same manner as gastrin but is less expensive, has fewer side effects and can produce a peak acid output in a shorter time compared to histamine. [START_REF] Konturek | Pioglitazone, a specific ligand of the peroxisome proliferator-activated receptor gamma reduces gastric mucosal injury induced by ischaemia/ reperfusion in rat[END_REF] It is believed that its major mechanism of action is to stimulate the release of histamine from the enterochromaffin cells, that in turn stimulates the histamine 2 (H 2 ) receptors on the parietal cells. [START_REF] Schubert | Gastric secretion[END_REF] . Pentagastrin can be administered intravenously, subcutaneously or intramuscularly as a bolus or an infusion. In the method described by Johnston and Jepson an intramuscular dose of 6 micrograms/kg of pentagastrin was used and the peak acid output was obtained during the 20 min period, 10 to 30 minutes following its administration. The pentagastrin test has been found to be reproducible in several studies, though in a relatively small number of individuals. [START_REF] Johnston | Use of pentagastrin in a test of gastric acid secretion[END_REF][START_REF]Pentagastrin as a stimulant of maximal gastric acid response in man. A multicentre pilot study[END_REF] Tetragastrin (Figure 1), a tetra peptide analogue of gastrin, which has similar gastric stimulatory effect as pentagastrin with minimal side effects, has also being used as a gastric stimulant in several studies at a dose of 4 micrograms/kg. [START_REF] Iijima | A new endoscopic method of gastric acid secretory testing[END_REF][START_REF] Koster | Comparative effects of tetragastrin and histamine on acid and intransic factor secretion in man[END_REF] A further gastric stimulant used in gastric acid measurement studies is Gastrin Releasing Peptide (GRP). [START_REF] Harris | Eradication of Helicobacter pylori in patients with duodenal ulcer lowers basal and peak acid outputs to gastrin releasing peptide and pentagastrin[END_REF][START_REF] El-Omar | A substantial proportion of non-ulcer dyspepsia patients have the same abnormality of acid secretion as duodenal ulcer patients[END_REF] GRP is a neuropeptide, which stimulates the G cells in the antrum to secrete gastrin which in turn stimulates gastric acid secretion. This test has the advantage of simultaneously assessing gastrin secretion and gastric acid secretion in an individual and also replicates the changes in hormonal secretion occurring after intake of food i.e. release of gastrin and secretion of inhibitory substances e.g. somatostatin. The gastric acid secretion response to this stimulus has also been found to be reproducible and there have been no major adverse events noted on a significant number of individuals who were subjected to this test. [START_REF] Mccoll | Review article: gastrin releasing peptide and its value in assessing gastric secretory function[END_REF] It has been shown that GRP stimulated gastric acid may be increased six times in patients with duodenal ulcer who harbour H. pylori and about a three times in individuals with non ulcer dyspepsia and H. pylori positivity, compared with healthy volunteers. [START_REF] El-Omar | A substantial proportion of non-ulcer dyspepsia patients have the same abnormality of acid secretion as duodenal ulcer patients[END_REF] The GRP test may even be more sensitive than the pentagastrin stimulation test in assessing acid secretion in patients with duodenal ulcer. [START_REF] Mccoll | Review article: gastrin releasing peptide and its value in assessing gastric secretory function[END_REF] However the aspiration methods have some common shortcomings. They can underestimate the gastric acid as some part of the acid is lost due to gastric emptying, some of the acid is neutralized by the alkaline secretions and part of the hydrogen ions diffuse back into the gastric mucosa. These tests involve removal of gastric juice from the stomach which can itself influence the measurement. They may be difficult to perform in conditions where gastric aspirates are small e.g. in tests involving drugs which suppress gastric acid secretion. In addition the invasive nature of these tests makes them uncomfortable for patients. With the advent of endoscopy the clinical use of these tests has declined and they are nowadays used mainly in experimental studies. 

Fractional test meals-Intra gastric titration methods

Fordtran and Walsh developed the intragastric titration method in 1973 for measuring gastric acid secretion. [START_REF] Fordtran | Gastric acid secretion rate and buffer content of the stomach after eating. Results in normal subjects and in patients with duodenal ulcer[END_REF] This method involved ingestion of a meal of pH approximately 5.5 and subsequent aspirations of small volumes of gastric contents at regular time intervals with determination of its pH. In the initial study subjects ingested a solid meal. However subsequent studies used liquid or homogenized mixed meals which were introduced into the stomach by a nasogastric tube. When the pH value of the gastric contents fell below 5.5, alkali (sodium bicarbonate) was added to the stomach in order to keep the pH at 5.5. The amount of alkali infused in the stomach per unit time to maintain the pH at the predetermined level was thus equivalent to the amount of acid produced. [START_REF] Fordtran | Gastric acid secretion rate and buffer content of the stomach after eating. Results in normal subjects and in patients with duodenal ulcer[END_REF] This test suffered from several drawbacks including the fact that maintaining the stomach pH at a level of 5.5 was not physiological and hence did not reflect the normal pattern of pH changes in the stomach after ingestion of food. Maintaining the stomach at this pH also could cause disturbances in the feedback inhibition of gastrin and spuriously high acid levels. Such a high pH could also increase the gastric emptying time, retard protein digestion and decrease the back diffusion of H+ from the stomach lumen into blood leading to erroneous results. [START_REF] Fordtran | Gastric acid secretion rate and buffer content of the stomach after eating. Results in normal subjects and in patients with duodenal ulcer[END_REF] Addition of the alkaline solution constantly to the stomach could also lead to distension of the stomach leading to increased gastric acid secretion. An important technical problem of this test was ensuring an appropriate mixing of the alkali and the gastric contents. If inadequate mixing occurred, alkali which was not neutralised would be then the intragastric titration technique, though the results obtained by the intragastric titration method was 33% higher than the conventional tube test result . [START_REF] Halter | A comparison between intragastric titration and aspiration technique under basal conditions and after food or pentagastrin stimulation[END_REF] However this technique like others is now rarely used as more advanced pH based studies have been developed.

Endoscopic methods to estimate gastric acid secretion

Quantitative methods

A variety of endoscopic techniques have been used to measure gastric acid secretion. They have ranged from measuring the pH of aspirated gastric juice to a visual assessment of the extent of the acid producing mucosa after staining. [START_REF] Iijima | A new endoscopic method of gastric acid secretory testing[END_REF][START_REF] Eisenband | Endoscopic estimate of gastric acid secretion[END_REF][START_REF] Yamaguchi | Precise gastric secretory studies using a new fiber-gastroscope[END_REF][START_REF] Okuda | An Endoscopic Method to Investigate Gastric Acid Secretion[END_REF] Yamaguchi et al. developed a method where gastric juice was aspirated under direct endoscopic visualization every 10 minutes before and after stimulation with tetragastrin during a 2 hour period in 24 subjects. [START_REF] Yamaguchi | Precise gastric secretory studies using a new fiber-gastroscope[END_REF] On comparison with standard tube tests performed on the same subjects the authors found no significant difference in acid secretion detected by the two methods. However the length of the procedure was too long for it to be used widely in clinical practise. Eisenband and Wenger used a shorter technique.

They measured the pH of the gastric content 10-12 minutes after intravenous pentagastrin injection (3µg/kg) in 27 patients. Gastric acid levels were then calculated based on arbitrary estimates of gastric acid volume which was the 14 major drawback of their study. [START_REF] Eisenband | Endoscopic estimate of gastric acid secretion[END_REF] It was interesting to note that though they used arbitrary values for calculating gastric acid levels, when they compared their method with the conventional tube tests, the linear correlation coefficient was 0.99.

Another technique described by Iijama et al. in 1998 measured stimulated acid secretion. [START_REF] Iijima | A new endoscopic method of gastric acid secretory testing[END_REF] Their technique involved sampling gastric secretion endoscopically for a period of 10 minutes, 20 minutes after tetragastrin injection (4 micrograms/kg IM) and comparing it with the conventional tube tests. The volume of the sample collected over the 10 minutes was measured and the hydrogen ion concentration (H + ) in the sample was determined by titration. The acid output for the 10mins could then be calculated by multiplying the volume of the sample with the H + concentration. The test was conducted in 15 individuals of whom 11 were healthy volunteers. There was good correlation between the values obtained by the test and maximal acid output and peak acid output measured by the conventional tube tests (r= 0.90 and 0.92 respectively, Figure 2). The test also showed good reproducibility in 10 of the healthy volunteers. This test had the disadvantage of not being able to measure the basal acid output (BAO).However, the Endoscopic Gastrin Test has subsequently been used successfully in a variety of studies in Japan. [START_REF] Iijima | Changes in gastric acid secretion assayed by endoscopic gastrin test before and after Helicobacter pylori eradication[END_REF][START_REF] Inomata | Preservation of gastric acid secretion may be important for the development of gastroesophageal junction adenocarcinoma in Japanese people, irrespective of the H. pylori infection status[END_REF][START_REF] Abe | The prevalence of Helicobacter pylori infection and the status of gastric acid secretion in patients with Barrett's esophagus in Japan[END_REF] 

Qualitative methods

A novel method of assessing gastric acid secretion was described by Okuda et al. in 1965 called the Congo Red Test (CRT). [START_REF] Okuda | An Endoscopic Method to Investigate Gastric Acid Secretion[END_REF] The test was based on the [START_REF] Toth | Modified endoscopic Congo red test: A rapid method to visualize gastric acid secretion[END_REF] In this test, pentagastrin was given intravenously (0.2µg/kg) instead of intramuscularly as was the case with the original method and this considerably shortened the duration of the examination. However these tests not only involve endoscopy but also do not provide quantitative measurements of gastric acid and hence are not widely used.

Intragastric pH measurement

Esophageal pH monitoring by intranasally placed catheter systems have been used for some time. These systems have also been adapted for measurement of gastric pH. Intragastric pH is measured by means of a pH measuring electrode in the stomach inserted by the nasogastric route. Though several types of electrodes are available for pH measurement, the glass or antimony electrodes are mostly used in intragastric pH measurement. They can be connected to a recording device directly, or indirectly by radiotelemetry. [START_REF] Van Herwaarden | 24-h recording of intragastric pH: technical aspects and clinical relevance[END_REF] The positioning of the electrode is vital as different parts of [START_REF] Fackler | Ambulatory gastric pH monitoring: proper probe placement and normal values[END_REF][START_REF] Cilluffo | Reproducibility of ambulatory gastric pH recordings in the corpus and antrum. Effect of food, time, and electrode position[END_REF] The probe can be placed with the help of fluoroscopy or manometrically with the latter method being commonly used (10cms below the upper margin of the Lower Esophageal Sphincter). [START_REF] Hirano | ACG practice guidelines: esophageal reflux testing[END_REF] However this method is invasive, uncomfortable and can lead to restriction in activity and diet of patients. Fass et al. in their study of fifty four patients undergoing 24 hrs esophageal pH studies showed a significant decrease in time spent being active and also the number of meals by the subjects during the test. [START_REF] Fass | Effect of ambulatory 24-hour esophageal pH monitoring on reflux-provoking activities[END_REF] In addition, catheter migration is an associated problem leading to inaccuracies. [START_REF] Chang | A novel placement method of the Bravo wireless pH monitoring capsule for measuring intragastric pH[END_REF] To counteract this, the wireless capsule pH measurement system -BRAVO™ pH monitoring system has been utilized (Figure 3). It can be inserted endoscopically, is better tolerated and can be used for a longer duration i.e. 48hours compared to 24 hrs with the catheter based techniques.

As with the catheter based techniques the BRAVO™ system has been used in measuring intragastric pH. [START_REF] Chang | A novel placement method of the Bravo wireless pH monitoring capsule for measuring intragastric pH[END_REF][START_REF] Banerjee | Bravo capsule pH monitoring[END_REF] One of the early drawbacks was the early dislodgement of the capsule from the stomach wall before the 48 hrs period had elapsed, though techniques have now been developed to fix the capsule in the stomach including a clipping technique developed by Chang et al. [START_REF] Yamaguchi | Placement of the Bravo wireless pH monitoring capsule onto the gastric wall under endoscopic guidance[END_REF][START_REF] Chang | A novel placement method of the Bravo wireless pH monitoring capsule for measuring intragastric pH[END_REF] Intragastric pH measurements have an important role relating to quantifying acid suppression within health and various disease states. However it is most useful in studies assessing the effect of acid suppressing drugs on gastric Stomach acidity measured by the above method can be expressed either as a pH value or as a hydrogen ion (H + ) activity. The H + activity can be calculated from pH values by the formula (pH= -log 10 [H + ]). Studies comparing intragastric pH using intraluminal electrodes and that from aspirated gastric juice have shown a good correlation. However where calculated H+ activity has been compared with the actual H + activity measured form gastric aspirates there have been significant differences. Hence some concerns have been raised in using pH values as a measure of gastric acid. [START_REF] Van Herwaarden | 24-h recording of intragastric pH: technical aspects and clinical relevance[END_REF] It should be borne in mind that gastric pH neither gives a quantitative evaluation of the volume of acid secretion nor does it necessarily correlate to gastric acid secretion as several factors like food, gastric emptying, bicarbonate secretion, dilutional effect of saliva and intestinal secretions can all influence the pH of gastric liquid.

B) Non invasive methods of gastric acid measurement.

Dye tests. One of the earlier non-invasive methods of measuring gastric acid was described by Segal in 1950 using a cation exchange indicator compound. [START_REF] Segal | Determination of gastric acidity without intubation by use of cation exchange indicator compounds[END_REF] This method depended on the fact that free acid (hydrochloric acid in stomach) caused dissociation of an ingested cationic exchange resin compound. The cation would then be absorbed by the intestine and be excreted in the urine where it could be detected. The first exchange resin used was "Diagnex" in which hydrogen ions were replaced by quininium ions that could be measured fluorometrically but required ether-sulphuric acid extraction of urine making it difficult for routine use. To simplify this method, Segal et al. subsequently used azure A dye combined with the cationexchange resin (Diagnex blue). The presence of gastric acid could be detected by direct visual comparison of the colour of the subject's urine with standards. [START_REF] Segal | Tubeless gastric analysis with an azure A ionexchange compound[END_REF] The dye was released at pH 3.2 and below with a maximal release at pH 1.5. Hence patients with Achlorhydria, in whom the pH of the stomach did not decline below 3.2, did not excrete the dye. By observing the change in colour of the test urine 2 hours after ingestion of the dye, participants without free gastric acid could thus be identified. Segal et al.

initially used caffeine benzoate as a gastric stimulant. However it was later found that using betazole hydrochloride as the gastric stimulant showed production of gastric acid in 51% of the patients who were thought to be achlorhydric by using caffeine benzoate. [START_REF] Segal | Gastric hydrochloric acid secretory response to orally administered betazole hydrochloride[END_REF] Hence in later tests, caffeine was replaced by betazole as the gastric stimulant. This method has been tested further in several studies. [START_REF] Bock | Tubeless Gastric Analysis with Azure a and Betazole Hydrochloride[END_REF][START_REF] Correia | Tubeless gastric analysis with azure A and maximal histamine stimulation[END_REF][START_REF] Bolt | A clinical evaluation of tubeless gastric analysis[END_REF] Although this test did not quantitatively measure gastric acid, it was felt that the most useful application would be to screen patients for achlorhydria. [START_REF] Bock | Tubeless Gastric Analysis with Azure a and Betazole Hydrochloride[END_REF] However, the dye test had 2 major disadvantages. Firstly it depended upon the functional integrity of the kidney and secondly patients who tested negative on the test i.e. did not excrete the dye in urine, were not necessarily achlorhydric as some individuals may not secrete gastric acid under basal conditions. With the advent of newer and more reliable methods to detect gastric acid secretion this test is no longer used.

Serum dye tests

Passaro et al in 2002 developed a similar method to detect achlorhydria but measured the indicator in blood and serum. They used quininium resin that liberated free quinine at pH<3.5, which could be measured in blood serum fluorometrically. They found a 95% accuracy rate for detecting hypochlorhydria (induced by ingestion of a proton pump inhibitor). However the study was performed in only 10 individuals and has not been further validated. [START_REF] Passaro | A modification of the quininium resin test for assessing gastric acidity[END_REF] 

Gastric acid measurement with a pH sensitive endoradiosonde (Heidelberg capsule)

In the 1960's a non invasive method of measuring gastric acid was described by Noeller et al. using a pH sensitive electroradiosonde, called the Heidelberg capsule. [START_REF] Noller | Proceedings of the IIIrd International Conference on Medical Electronics[END_REF] The capsule contained a battery, a pH sensor and a radio transmitter. The pH sensor comprised an antimony electrode that was in Hence by measuring the transmitted frequency of the capsule in a solution, its pH could be calculated. In this technique, subjects ingested the capsule and a basal pH was calculated. Subsequently a saturated bicarbonate solution was ingested causing a rise in intragastric pH, stimulating gastric acid secretion and then a fall in pH back to its basal level. The time taken for the pH to fall to its basal level was the alkali test time and represented a measure of the gastric acid secreted. This test was compared with the standard tube test and showed acceptable correlation ranging from 0.74 to 0.68. [START_REF] Connell | Assessment of Gastric Function by Ph Telemetering Capsule[END_REF][58] The capsule is still in use but has been technically modified and is smaller in size. [START_REF] Shelton | Eradication of Helicobacter pylori is associated with increased exposure to delavirdine in hypochlorhydric HIV-positive patients[END_REF] 

Serum pepsinogens and their use as a marker of gastric acid secretion.

Pepsinogens belong to the aspartic proteinase group of enzymes which act on peptide bonds in proteins. They are converted into the active enzyme pepsin by gastric acid. They act between a pH of 1.5-5.0 and initiate protein digestion. [START_REF] Gritti | Pepsinogens: physiology, pharmacology pathophysiology and exercise[END_REF] Pepsinogens can be divided into two groups; pepsinogen I (PGA or PGI, includes pepsinogens 1-5) and pepsinogen II (PGC or PGII, includes ). These two groups are not only biochemically and immunologically different but are secreted by different parts of the gastrointestinal tract. Pepsinogen I is produced by chief cells and the mucus neck cells of the gastric fundus. Pepsinogen II is secreted in addition by the pyloric glands and Brunner's glands in the duodenum. [START_REF] Samloff | Cellular localization of group I pepsinogens in human gastric mucosa by immunofluorescence[END_REF][START_REF] Samloff | Cellular localization of the group II pepsinogens in human stomach and duodenum by immunofluorescence[END_REF] In healthy people the concentration of pepsinogen levels are thought to be stable in single individuals but can vary from individual to individual depending on their age, height, sex, weight, ethnicity, diet and circadian rhythms. [START_REF] Gritti | Pepsinogens: physiology, pharmacology pathophysiology and exercise[END_REF] Pepsinogen levels vary in conditions affecting the gastric mucosa and they reflect the structural and functional status of the gastric mucosa. [START_REF] Iijima | Serum pepsinogen concentrations as a measure of gastric acid secretion in Helicobacter pylori-negative and -positive Japanese subjects[END_REF] High levels are found where there is active inflammation of the gastric mucosa such as in superficial gastritis, decreased levels however are seen in chronic gastritis and especially in severe atrophic gastritis with intestinal metaplasia and in gastric cancer. [START_REF] Miki | Usefulness of gastric cancer screening using the serum pepsinogen test method[END_REF][START_REF] Kitahara | Accuracy of screening for gastric cancer using serum pepsinogen concentrations[END_REF][START_REF] Miki | The significance of low serum pepsinogen levels to detect stomach cancer associated with extensive chronic gastritis in Japanese subjects[END_REF][START_REF] Miki | Clinical application of serum pepsinogen I and II levels for mass screening to detect gastric cancer[END_REF] Studies have shown that levels of PGI and PGI/II ratio can be correlated to gastric acid output. [START_REF] Iijima | Serum pepsinogen concentrations as a measure of gastric acid secretion in Helicobacter pylori-negative and -positive Japanese subjects[END_REF] This correlation between gastric acid and pepsinogens depends upon the H. pylori status of an individual. Iijama et al. in his study found that in patients who were H. pylori positive, there was a reasonable correlation between gastric acid secretion with PGI/II ratio and serum PGI levels (r=0.40 and 0.53) However in H.pylori negative subjects, serum PGI levels were found to have a better correlation with acid secretion (r=0.57) and the PGI/II ratio showed no correlation (Figure 4). The main use, however, of measuring pepsinogens in clinical practice is to detect subjects with significant gastric atrophy who are at risk of developing gastric cancer. Gastric atrophy with intestinal metaplasia is believed to be a precursor lesion for the intestinal type of gastric cancer. [START_REF] Komoto | Helicobacter pylori infection and gastric neoplasia: Correlations with histological gastritis and tumor histology[END_REF] It is believed that as gastric atrophy progresses, levels of PGI decrease whereas PGII levels remain fairly constant. This leads to a fall in the PGI: PGII ratio and a combination of a low PGI level with a low PGI: PGII ratio is considered to be a marker of gastric atrophy. This finding of a low PGI levels and low PGI: PGII ratio has been correlated with histologically proven gastric atrophy particularly corpus atrophy. [START_REF] Urita | Serum pepsinogens as a predicator of the topography of intestinal metaplasia in patients with atrophic gastritis[END_REF][START_REF] Cao | Screening of atrophic gastritis and gastric cancer by serum pepsinogen, gastrin-17 and Helicobacter pylori immunoglobulin G antibodies[END_REF] Breath tests for estimating gastric acid secretion.

The hydrogen breath test.

Breath analysis as a method of estimation of various metabolic processes has been around for some time. Sack and Stephenson in 1985 described a novel method of estimating gastric acid by orally administering magnesium (gelatine capsules containing finely ground magnesium metal) in different doses ranging from 10-200mg, which reacts with acid in the stomach to produce hydrogen gas, the amount of which was used as a proxy for gastric acid. was measured by gas chromatography of the breath sample. By subtracting the basal hydrogen levels from the total hydrogen levels in exhaled air, the excess hydrogen produced due to action of gastric acid with magnesium could be ascertained, which could be related to the gastric acid secretion. This test was further validated in 1987 in 36 subjects who also underwent the standard intubation test. The gastric acid stimulant used was Betazole. A correlation coefficient of 0.70 was found between the stimulated acid output values and the excess amount of hydrogen exhaled during the test. 9 individuals went on to have a repeat breath test and the test-retest correlation coefficient was 0.83. This test has been suggested as a screening test for hypochlorhydria in view of its simplicity and non-invasive nature. [START_REF] Stephensen | Comparison of noninvasive breath hydrogen test for gastric acid secretion to standard intubation test in adults[END_REF] Humbert et al. in 1997 used a modified version of the Magnesium hydrogen breath test where they used end expiratory breath sampling only and compared it with the pentagastrin test for gastric acid secretion. They studied patients with pernicious anaemia and those with healed duodenal ulcer with normal acid secretion. They measured the peak value of hydrogen in breath and found it to have 95.2% sensitivity and 100 % specificity in detecting achlorhydria. [START_REF] Humbert | Magnesium hydrogen breath test using end expiratory sampling to assess achlorhydria in pernicious anaemia patients[END_REF] As with most non invasive tests it could not detect gastric acid quantitatively and has been suggested solely as a test to detect achlorhydria.

The calcium carbonate breath test

Clough and Axon introduced the Calcium carbonate breath test in 2009 as another method to assess stimulated gastric acid secretion quantitatively by breath analysis. They incorporated [START_REF] Kay | Effect of large doses of histamine on gastric secretion of HCI; an augmented histamine test[END_REF] C, which is a non radioactive isotope of carbon, into calcium carbonate and administered it orally to a healthy volunteer. It was based on the principle that calcium carbonate labelled with the [START_REF] Kay | Effect of large doses of histamine on gastric secretion of HCI; an augmented histamine test[END_REF] C was acted upon by hydrochloric acid in the stomach producing [START_REF] Kay | Effect of large doses of histamine on gastric secretion of HCI; an augmented histamine test[END_REF] C labelled carbon dioxide ( 13 CO 2 ).

Ca [START_REF] Kay | Effect of large doses of histamine on gastric secretion of HCI; an augmented histamine test[END_REF] CO 3 +2HCl→CaCl 2 +H 2 O+ 13 CO 2 ↑

The 13 CO 2 was absorbed by the lungs and eliminated in breath. By measuring the ratio of 13 CO 2 to 12 CO 2 in the breath sample via a mass spectrometer the amount of acid secreted by the stomach was calculated. The test used various regimens including 500mg every 5 mins and 750mg every 10mins of the labelled calcium carbonate. This test has been thought to measure stimulated acid output and could detect an 83% reduction in gastric acid production after acid suppression therapy with proton pump inhibitors. This test has the added advantage of measuring gastric acid secretion quantitatively, which was a major drawback of the other non invasive methods. However this technique was performed on only one volunteer and was not compared with conventional tests, hence necessitating further studies to validate it. [START_REF] Clough | The Calcium Carbonate Breath Test, a noninvasive test of stimulated gastric acid secretion: preliminary communication[END_REF] Measurement of gastric acid using Scintigraphic techniques and applied potential tomography.

Use of 99m Tc-pertechnetate scintigraphy as a method of measuring gastric acid was described in late 1970's. [START_REF] Taylor | A single scan technique for estimating acid output[END_REF][START_REF] Keane | An assessment of dynamic gastric scanning with 99Tcm-pertechnetate[END_REF] Measurement of the accumulated Tc-pertechnetate in the stomach by scintigraphy after intravenous injection of the tracer was thought to be related to gastric acid secretion. However it used radioactive elements and doubts were expressed about its reliability so it has not been widely used.

Applied Potential Tomography (APT) is a technique that measures the resistivity of gastric contents through 16 electrodes placed in a circular manner on the abdomen at the level of the gastric fundus/body. It can build up tomographic images of gastric resistivity. Gastric acid secretion causes gastric resistivity to fall, which can be recorded using this technology and used as a measure of gastric acid secretion. It is non-invasive and non-radioactive.

Baxter et al. used the technique in 20 healthy volunteers and 13 patients with peptic ulcer disease (who also underwent acid measurement by conventional methods). [START_REF] Baxter | Evaluation of applied potential tomography as a new non-invasive gastric secretion test[END_REF] They found a significant correlation (r=0.85, p<0.001) between the basal change in resistivity of gastric contents with basal acid output and the maximum change in resistivity, after gastric stimulation with pentagastrin, with a maximal acid output (r=0.58, p<0.05) in the group with peptic ulcer disease (Figure 5). Sarkar et al. also used the technique in 19 healthy volunteers and compared it to conventional intubation tests. [START_REF] Sarker | Noninvasive assessment of gastric acid secretion in man. Application of electrical impedance tomography (EIT)[END_REF] They found a correlation coefficient of r=0.65 between the two methods for stimulated acid output.

Though it is non invasive and a simple test, it cannot quantitatively estimate gastric acid. Hence it may be useful only as a non invasive method to detect low acid output states. 

Alkaline tide in measurement of gastric acid secretion

Alkaline Tide is recognized phenomenon in the physiology of gastric acid secretion. The intracellular pH of parietal cells is regulated by a complex system of ion channels and exchangers. [START_REF] Niv | The alkaline tide phenomenon[END_REF] Secretion of H + ions by the parietal cells into the gastric lumen leads to secretion of bicarbonate (HCO 3 -) ions into the blood stream. The resulting alkalization of blood and urine has been described as the alkaline tide and was found to transiently occur after meals. [START_REF] Rune | The metabolic alkalosis following aspiration of gastric acid secretion[END_REF] This phenomenon has been used as an indirect method of measuring gastric acid secretion. The alkaline tide effect leads to changes in the base excess of blood. After gastric stimulation by histamine or pentagastrin, the base excess in arterialized venous blood can be measured and from this the alkaline tide can be calculated.

Niv et al. studied 12 patients with duodenal ulcer where the response of the alkaline tide to pentagastrin stimulation and its correlation to stimulated gastric acid (measured by gastric aspiration at a separate date) was analysed. They found a good correlation (r=0.86) between the peak acid output ( PAO) and the alkaline tide 45 minutes after pentagastrin injection. [START_REF] Niv | Further applications of blood gas analysis to gastric acidity determination[END_REF] This test can thus be used as an indirect measure of gastric acid secretion.

Conclusion

Over the years a number of invasive and non-invasive ways of measuring gastric acid secretion have been described. However as the conventional 

  secretion. Further attempts to explore new methods for measuring gastric acid are therefore warranted.

5

 5 Levels of gastric acid secretion differ in various disease states and their measurement may help in the diagnosis and treatment of these diseases.

  a low stomach pH can be caused by Zollinger-Ellison syndrome, chronic antral H. pylori infection, renal failure and gastric outlet obstruction.[START_REF] Metz | A retrospective study of the usefulness of acid secretory testing[END_REF] Apart from clinical use, the measurement of gastric acid has an important role in clinical and pharmacological research. Studies related to the epidemiology of acid peptic disorders as well as introduction and assessment of new and existing drug therapies for suppression of gastric acid are further areas where gastric acid measurement is still important.

  subjects and from years 1950-2010. Abstracts were then studied and articles which dealt mainly with the methodology and use of the test in studies related to measuring gastric acid in health and disease were chosen and full text versions were obtained. Most of these articles were several decades old and many of the further references were identified from the bibliography of the selected articles.
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  stomach leading to an overestimation of the gastric acid. In spite of these drawbacks, Halter et al. in his study of 16 healthy volunteers showed a good correlation (correlation coefficient-r=0.85) between values of maximal gastric acid output (MAO) obtained by the conventional aspiration tests and

  inspection of acid producing gastric mucosa and relies on a pH dependent colour change. In the test, Congo red dye, which changes colour at pH<3, is sprayed onto gastric mucosa after pentagastrin stimulation (6µg/kg) and the change in colour of the dye from red to dark blue or black is observed. The extent of the area showing the change is assessed semiquantitatively and gives an estimate of the acid secretory ability of the gastric mucosa. This test has been used to help in the diagnosis of early gastric cancer and gastric atrophy related changes. However the original method was time consuming and prolonged endoscopy by 10-20 minutes. The Modified Congo Red Test (MRCT) was described by Tooth et al. in 2003.

  have different pH. Fackler et al. demonstrated that positioning the probe in the fundus was the optimal position for measurement of gastric pH whereas Cilluffo et al. showed in post prandial states pH measurement in the antrum was more dependable.

  low acid output states, particularly during use of acid suppressing drugs, conventional methods to measure gastric acid may be technically difficult due to problems in aspirating low volumes of acid leading to inaccurate results. The intragastric pH measurement method is very useful in these situations (in particular where 2 or more acid suppressing drugs are being compared) to detect the subtle differences in gastric acidity by measuring a difference of intragastric pH rather than actual acid secretion.

  the fluid whose pH was to be measured and an internal silver chloride electrode, the two being separated from each other by a semipermeable membrane. Changes in the pH altered the voltage output of the battery, which in turn altered the frequency of the radio transmitter. The frequency was picked up by antennae worn by the patient connected to an amplifying receiver and a recorder. The test depended on the fact that a known change in pH could cause a change in the transmitted radio frequency.
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Mg+2HCL→MgCl 2 +H 2 ↑

 2 Normal individuals in a fasting state produce a small amount of H 2 in their exhaled air. A basal hydrogen excretion rate in expired air was initially calculated. Participants were then given magnesium orally following administration of a gastric secretory stimulant. The hydrogen concentration
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Table I : Invasive and non invasive methods of measuring gastric acid secretion Invasive methods of measuring gastric acid
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	tests are invasive and uncomfortable for patients, their use has declined. The Tables has its own procedural risks. Non invasive methods of measuring gastric acid test. used in day to day clinical practice
	widespread use of endoscopy has led to a further decline in their use in the Congo red test No No Gives a qualitative assay of gastric acid Method In use in Quantitative Comment
	clinical setting. However gastric acid secretion remains an important element (CRT) and output only and also requires endoscopy clinical measure of Table 2
	of gastric physiology in health and disease. The ability to measure it modified CRT. with its associated risks. practice gastric acid Scintigraphy and No No Scintigraphy uses radioactive Gastric acid levels in health and disease (Pentagastrin stimulation test)
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