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Abstract
[bookmark: OLE_LINK202][bookmark: OLE_LINK203][bookmark: OLE_LINK210][bookmark: OLE_LINK191][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK195][bookmark: OLE_LINK196][bookmark: OLE_LINK190][bookmark: OLE_LINK188][bookmark: OLE_LINK189][bookmark: OLE_LINK197]Gastroesophageal reflux disease (GERD) is one of the most commonly encountered digestive diseases in the world, with the prevalence continuing to increase. Many patients are successfully treated with lifestyle modifications and proton pump inhibitor therapy, but a subset of patients require more aggressive intervention for control of their symptoms. Surgical treatment with fundoplication is a viable option for patients with GERD, as it attempts to improve the integrity of the lower esophageal sphincter (LES). While surgery can be as effective as medical treatment, it can also be associated with side effects such as dysphagia, bloating, and abdominal pain. Therefore, a thorough pre-operative assessment is crucial to select appropriate surgical candidates. Newer technologies are becoming increasingly available to help clinicians identify patients with true LES dysfunction, such as pH-impedance studies and high-resolution manometry (HRM). Pre-operative evaluation should be aimed at confirming the diagnosis of GERD, ruling out any major motility disorders, and selecting appropriate surgical candidates. HRM and pH testing are key tests to consider for patients with GERD like symptoms, and the addition of provocative measures such as straight leg raises and multiple rapid swallows to HRM protocol can assess the presence of underlying hiatal hernias and to test a patient’s peristaltic reserve prior to surgery. 

[bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK10][bookmark: OLE_LINK11]Key Words: Gastroesophageal reflux disease; Fundoplication; High resolution manometry; pH-impedance; Anti-reflux surgery; Pre-operative assessment

[bookmark: OLE_LINK12][bookmark: OLE_LINK13]Yodice M, Mignucci A, Shah V, Ashley C, Tadros M. Preoperative physiological esophageal assessment for anti-reflux surgery: A guide for surgeons on high-resolution manometry and pH testing. World J Gastroenterol 2021; In press

[bookmark: OLE_LINK20][bookmark: OLE_LINK21]Core Tip: The goal of this review is to discuss recent technological advancements that have utility for patients with gastroesophageal reflux disease (GERD) as a pre-operative assessment for anti-reflux surgery. Surgical treatment of GERD is centered around improving the integrity of the lower esophageal sphincter, therefore it is crucial to rule out other esophageal pathologies that may present with GERD-like symptoms. Advances in pH-impedance studies allow for assessment of patients with weak acid reflux of non-erosive reflux disease. High resolution manometry with the addition of provocative measures can uncover underlying esophageal motility disorders with GERD-like symptoms.


INTRODUCTION
Gastroesophageal reflux disease (GERD), defined as an abnormal reflux of gastric contents with associated symptoms, is one of the most common digestive diseases in the world, and currently affects up to 30% of individuals in North America[1,2]. While the disease is commonly encountered in the outpatient setting, the true number of individuals with GERD could be even higher, as some patients may self-treat with over-the-counter medications[3]. Studies have also found the number of patients with GERD continues to rise, which may be due to the growing obesity epidemic[1]. Additionally, GERD is one of the costliest digestive diseases in the United States, with up to half of the cost attributed to the long term use of proton pump inhibitor (PPI) therapy[4].
The American College of Gastroenterology (ACG) guidelines state that a presumptive diagnosis of GERD can be made in patients with classical symptoms such as heartburn or regurgitation, with further diagnostic evaluation such as an upper endoscopy recommended for patients with alarm symptoms[5]. The ACG recommends management of these patients begin with lifestyle modifications, including weight loss and dietary changes, along with an 8-week course of PPI therapy[5]. While this approach is effective for most patients, a subset of patients may require further management including surgical options such as fundoplication. Surgical treatment of GERD is as effective as medical management in appropriate candidates and is currently recommended for reasons including complications from PPIs, medication non-compliance, and large hiatal hernias[3,5]. Additionally, the Society of American Gastrointestinal and Endoscopic Surgeons (SAGES) recommends surgical therapy for patients with GERD who: have failed medical management, request surgery due to quality of life issues related to long term medication use, have complications such as Barrett’s esophagus, or have extra-esophageal symptoms related to their GERD[6].
While surgical treatment of GERD may be as effective as medical therapy, complications are also possible. The most commonly reported side effects of surgery include dysphagia, belching, and increased abdominal bloating, though it is also possible to develop more severe complications requiring repeat surgery[7]. A total 360° Nissen Fundoplication is the most common surgical treatment for GERD, but variations also exist involving differing degrees of wrapping. Studies have found partial fundoplication to be similarly effective for reducing reflux symptoms, and may also have less post-operative dysphagia and bloating[8]. This is supported by a level 1 recommendation from the SAGES that partial fundoplication is associated with less dysphagia and similar patient satisfaction[6]. Additionally, newer techniques such as the Linx procedure [which uses a circlet of magnets to augment the lower esophageal sphincter (LES)] have shown similar short-term outcomes for the treatment of GERD when compared to fundoplication. More research is needed on the long-term outcomes[9].
[bookmark: OLE_LINK192]While surgical treatment of GERD can successfully relieve symptoms in up to 90% of patients[10], a thorough pre-operative assessment is necessary to identify appropriate surgical candidates. The underlying mechanism of anti-reflux surgery is to improve the integrity of the LES. Therefore, in order to achieve the best post-operative outcomes, it is crucial to confirm a patient’s symptoms are due to GERD and not another underlying pathology. Otherwise, a patient would likely continue experiencing symptoms post-operatively along with potentially developing complications such as dysphagia.
Newer technologies are becoming increasingly available for the assessment of patients with reflux symptoms and can help confirm the diagnosis of GERD. Improvements in pH studies with the inclusion of impedance measurements may help identify patients with non-erosive reflux disease (NERD). Additionally, advancements in high resolution manometry (HRM) help further classify esophageal pathologies and identify patients as having disorders with GERD like symptoms (Table 1). In this review, we aim to provide a guide for the pre-operative assessment and evaluation of patients with reflux. We will focus on newer technologies that can be used to identify appropriate candidates for anti-reflux surgery by confirming the diagnosis of GERD and ruling out other esophageal diseases.
The ACG guidelines state that a presumptive diagnosis of GERD can be made in patients with classical symptoms such as heartburn or regurgitation, with further diagnostic evaluation such as an upper endoscopy recommended for patients with alarm symptoms[5]. The ACG recommends management of these patients begin with lifestyle modifications, including weight loss and dietary changes, along with an 8-wk course of PPI therapy[5]. While this approach is effective for most patients, a subset of patients may require further management including surgical options such as fundoplication. Surgical treatment of GERD is as effective as medical management in appropriate candidates and is currently recommended for reasons including complications from PPIs, medication non-compliance, and large hiatal hernias[3,5]. Additionally, the SAGES recommends surgical therapy for patients with GERD who: have failed medical management, request surgery due to quality of life issues related to long term medication use, have complications such as Barrett’s esophagus, or have extra-esophageal symptoms related to their GERD[6].
While surgical treatment of GERD may be as effective as medical therapy, complications are also possible. The most commonly reported side effects of surgery include dysphagia, belching, and increased abdominal bloating, though it is also possible to develop more severe complications requiring repeat surgery[7]. A total 360° Nissen fundoplication is the most common surgical treatment for GERD, but variations also exist involving differing degrees of wrapping. Studies have found partial fundoplication to be similarly effective for reducing reflux symptoms, and may also have less post-operative dysphagia and bloating[8]. This is supported by a level 1 recommendation from the SAGES that partial fundoplication is associated with less dysphagia and similar patient satisfaction[6]. Additionally, newer techniques such as the Linx procedure (which uses a circlet of magnets to augment the LES) have shown similar short-term outcomes for the treatment of GERD when compared to fundoplication. More research is needed on the long-term outcomes[9].
While surgical treatment of GERD can successfully relieve symptoms in up to 90% of patients[10], a thorough pre-operative assessment is necessary to identify appropriate surgical candidates. The underlying mechanism of anti-reflux surgery is to improve the integrity of the LES. Therefore, in order to achieve the best post-operative outcomes, it is crucial to confirm a patient’s symptoms are due to GERD and not another underlying pathology. Otherwise, a patient would likely continue experiencing symptoms post-operatively along with potentially developing complications such as dysphagia.
Newer technologies are becoming increasingly available for the assessment of patients with reflux symptoms and can help confirm the diagnosis of GERD. Improvements in pH studies with the inclusion of impedance measurements may help identify patients with NERD. Additionally, advancements in HRM help further classify esophageal pathologies and identify patients as having disorders with GERD like symptoms (Table 1). In this review, we aim to provide a guide for the pre-operative assessment and evaluation of patients with reflux. We will focus on newer technologies that can be used to identify appropriate candidates for anti-reflux surgery by confirming the diagnosis of GERD and ruling out other esophageal diseases.

[bookmark: OLE_LINK24][bookmark: OLE_LINK25]HISTORY TAKING
The most important step in evaluating a patient’s candidacy for anti-reflux surgery is to confirm the diagnosis of GERD. This starts with careful history taking to assess the signs and symptoms a patient is suffering from. While the presence of typical GERD symptoms is enough for a presumptive diagnosis[5], these symptoms can also be present in a wide range of diseases and do not confirm the diagnosis of GERD. One recent systematic review found that classic symptoms such as heartburn and regurgitation had a varying degree of sensitivity, ranging from 30%-76%, for the presence of underlying GERD[11]. Additionally, the researchers found the studied symptoms were associated with a wide range of specificities (62%-96%)[11]. It is also important to identify if patients are suffering from extra-esophageal symptoms of GERD, as they are less likely to find symptom relief with surgery. One randomized control study compared patients with asthma on medical vs surgical therapy for reflux. While all patients experienced clinical improvement of their symptoms, researchers found no significant difference between the two modalities[12]. Overall, while a patient may display classic symptoms of GERD, further assessment must be completed to determine their appropriateness for surgery.
Another important aspect of the patient’s history is to assess their response to PPI therapy, which may be a good predictor of outcomes after anti-reflux surgery[13]. One recent study involving 370 patients undergoing laparoscopic Nissan fundoplication found patients who responded well to PPI therapy had a significantly greater reduction in reflux symptoms after surgery[14]. Previous studies have also indicated that patients with symptoms refractory to PPI therapy may have a higher likelihood of poor surgical outcomes[15]. However, while PPI effectiveness may help predict surgical outcomes, it should not be used to confirm or rule out a diagnosis. One meta-analysis found that a successful response to PPI therapy was only 78% sensitive and 54% specific for an underlying diagnosis of GERD[16].
When assessing a patient for anti-reflux surgery, it is also important to understand the role of obesity in surgical outcomes. It is known that GERD is more common in obese patients, as greater central adipose tissue may lead to increased intraabdominal pressure stressing the LES[17]. While some studies indicated the morbidly obese are at a higher risk for surgical failure, more recent studies found similar outcomes of fundoplication in obese patients[18,19]. An alternative surgical option for obese patients includes Roux-en-Y gastric bypass surgery. The SAGES currently recommends bypass surgery for morbidly obese patients with GERD, as it can help decrease GERD symptoms in addition to the weight loss benefits for the patient[6]. However, evidence is still unclear regarding the optimal surgical treatment for patients with class I obesity, and while anti-reflux surgery is a safe option, these patients should be evaluated on a case-by-case basis. Additionally, it is still important to fully assess the reflux symptoms of patients undergoing weight loss surgery. While obese patients are more likely to have GERD, they may also have an underlying esophageal motility disorders, and the use of HRM can help distinguish between these conditions[20].

[bookmark: OLE_LINK26][bookmark: OLE_LINK27]ESOPHAGEAL PH TESTING
After thorough history taking to identify patients with GERD like symptoms, a upper endoscopy can help make a diagnosis by directly visualizing esophageal lesions such as esophagitis. However, a subset of patients may still have gastric reflux without evidence of any erosions[5]. In these patients with NERD, further testing is required to accurately diagnose reflux and confirm if a patient might be a good candidate for surgical correction. Esophageal pH testing can be a useful modality to identify acidic reflux above the LES[21,22]. Standard ambulatory pH monitoring involves placement of a trans-nasal probe 5 cm above the LES[23]. The probe then measures acid exposure time (AET) by recording any drops in pH below 4 over a 24-h period (Figure 1). The DeMeester score was a system developed in the 1970’s to categorize a patient’s reflux based on parameters including the number and timing of reflux events as well as supine vs upright positioning during these periods[24]. More recently, the Lyon consensus recommends using only AET when determining GERD, and defined pathologic reflux as having greater than 6% AET[22]. Although there is debate regarding which method is more reliable, both have similar strengths and weaknesses, and there is no current evidence that one method is superior to the other[25]. In general, the ACG recommends pH monitoring for all patients with NERD as a pre-operative assessment, and more recent studies have also found utility in measuring AET for patients with LA grade A or B esophagitis prior to surgery[5,26]. Additionally, pH testing has utility for confirming reflux in patients with GERD or NERD who are unresponsive to PPI therapy[21].
One drawback of ambulatory pH monitoring is the discomfort patients may experience from the trans-nasal catheter, with some studies showing patients tend to decrease typical daily activities that might promote reflux after the probe is placed[27]. Wireless capsule pH monitoring is also available, and while it must be placed endoscopically, it is often better tolerated than the catheter probe and may provide better measurements of physiologic reflux (Figure 2)[28]. In addition to improved patient tolerance, the capsule can record AET for 48-96 h depending on battery life, improving the sensitivity of the test[29]. However, both catheter and capsule pH monitoring are limited by the fact that they only measure acidic reflux. Studies have shown up to 30% of patients with pathologic reflux may have normal pH measurements on ambulatory monitoring[30]. This indicates up to 1/3 of patients with LES dysfunction who may benefit from surgery are missed with this form of testing (Table 2).

pH-impedance testing
[bookmark: OLE_LINK194]Multichannel intraluminal impendence pH monitoring (MII-pH) is a newer technology that measures changes in electrical conductivity between multiple points on the probe[23]. This data is combined with the pH probe to measure reflux of any material above the LES, independent of pH (Figure 3)[30]. The Lyon consensus defines physiologic reflux as 40 or less reflux events, with pathologic defined as greater than 80 episodes of reflux[22]. This definition allows for patients to continue PPI therapy during testing, as pH does not factor into the diagnosis[31]. MII-pH testing also has utility in identifying patients with weak acid reflux (pH 4-7). Up to 30% of patients with GERD may continue to have symptoms refractory to acid suppression therapy[32]. While these symptoms could potentially be secondary to any of the diagnoses seen in Table 1, MII-pH testing can identify patients with weak reflux by independently measuring reflux and pH (Figure 3). Treatment of patients with weak acid reflux is controversial, especially because previous studies have shown failure of PPIs is an indicator for poor outcomes after anti-reflux surgery[15]. However, if clinicians can confirm refractory GERD is secondary to weak acid reflux and not alternative diagnoses such as functional heartburn, they can identify patients who would still be good surgical candidates[33].
Limitations of MII-pH testing include using a trans-nasal catheter and required manometry testing for all patients prior to placement[29]. Additionally, visual analysis of the data is time consuming, but computerized electronic review software can be imprecise. One study found that computer interpretation of results identified only 74% of reflux events confirmed by visual analysis[34]. The authors suggested visual review of the data may be necessary to confirm test accuracy[34]. There also remains a potential for patients to have increased AET and reflux events secondary to other esophageal pathologies not related to LES dysfunction or GERD. This is important to keep in mind during pre-operative assessment for anti-reflux surgery, as patients without underlying LES dysfunction would not be good candidates for surgical treatment. Patients with rumination syndrome can have false positives on pH testing due to frequent regurgitation, not transient LES relaxation[35]. Increased AET can also be secondary to a hypomotility disorders, such as in patients with achalasia or scleroderma. This is not limited to only pH testing, as impedance studies may also have inconclusive or misleading results in patients with achalasia, scleroderma, or rumination syndrome[29]. Due to these possibilities, the ACG recommends that all patients undergo manometry as part of their pre-operative assessment to rule out any motility disorders that may cause reflux[5].
Another important aspect of utilizing pH or pH-impedance testing is the measurement of any associated symptoms during testing (Figure 4). Since there is still the potential for false positives when looking at AET or number of reflux episodes during testing, it is also important for a patient to log any symptoms they experience during testing[36]. This also has utility with extra-esophageal symptoms and can help in identifying if symptoms are causing reflux or are secondary to reflux, such as coughing[36], The Symptoms Association Probability (SAP) is one example of a methods to assess the association of symptoms with reflux events. This involves using a 2 × 2 table assessing the presence of symptoms and reflux events in 2-min blocks over a 24 h period[37]. Analysis then allows the determination of whether the symptoms were more likely secondary to reflux events or caused by chance. While there are other methods to assess symptom association, a SAP can provide a probability of symptom association and is thought to have the best clinical utility[36].

[bookmark: OLE_LINK28][bookmark: OLE_LINK29]MANOMETRY AND MOTILITY TESTING
[bookmark: OLE_LINK30][bookmark: OLE_LINK193]Another important aspect of the pre-operative assessment is to rule out major esophageal motility disorders with HRM (Figure 5). Patients with GERD often have findings of decreased LES pressures on HRM, indicating an impaired ability for the LES to act as an anti-reflux barrier and prevent gastric contents from entering the esophagus[38]. The smooth muscle in the LES is also augmented by pressure generated from the crural diaphragm, and because HRM utilizes an increased number of sensors, these pressures can be differentiated when evaluating the LES strength[39]. The esophagogastric junction contractile integral can also be quantified on HRM and may identify patients with severe reflux, but further research is needed to create a standardized metric for evaluating patients[22]. Additionally, LES physiology can be altered in the presence of a hiatal hernia, and HRM can be used to assess and measure the size of a patient’s hiatal hernia[40]. While esophageal manometry is not a confirmatory test for diagnosing GERD, HRM is useful in identifying any underlying motility issues (Figure 6)[41,42]. While there is limited data to support mandatory pre-operative manometry testing, the ACG still recommends manometry to specifically rule out achalasia and absent peristalsis seen in conditions such as scleroderma[5]. In the 2019 ICARUS guidelines, 94% of experts also strongly agreed with pre-op HRM testing, but this could only be supported with grade D evidence[42]. Additionally, HRM can be used to assess baseline esophageal physiology to predict the risk of post-operative dysphagia.

Ruling out major motility disorders
The main indication for HRM should be used to rule out major motility disorders, as these may be the underlying cause of a patient’s reflux symptoms, and may also be a contraindication for fundoplication[6].

[bookmark: OLE_LINK211][bookmark: OLE_LINK212]Achalasia: Abnormal esophageal peristalsis can manifest as GERD-like symptoms in patients with achalasia. The integrated relaxation pressure (IRP) is an important measurement during manometry that assesses esophageal pressures and transit across the esophagogastric junction[43]. According to the Chicago Classification (CC), type I achalasia is diagnosed in patients found to have an IRP > 15 mmHg and 100% failed peristalsis on HRM, with type II having the same characteristics as well as panesophageal pressurization in ≥ 20% of swallows[44]. Type III achalasia is defined as an elevated IRP > 15 mmHg, the absences of any normal peristalsis, and spastic contractions greater > 450 mmHg on ≥ 20% of swallows (Figure 7)[44]. As previously discussed, the goal of fundoplication is to improve the integrity of the LES, but patients with achalasia suffer from impaired LES relaxation along with esophageal aperistalsis. While these patients may also have underlying GERD, surgical treatment revolves around addressing the LES with myotomy[42,45]. However, after myotomy weakens the LES, GERD can become a common side effect. While these patients would benefit from fundoplication, there is debate regarding the risk of post-operative dysphagia[46]. One prospective randomized study compared outcomes of myotomy alone vs myotomy with fundoplication for 43 patients with achalasia. Researchers found that patients receiving myotomy with fundoplication had significantly less GERD and AET, with no significant difference in dysphagia between the two groups[47]. The group also followed patients long-term and concluded there was no significant differences in post-op dysphagia in patients who received myotomy with fundoplication[48]. Current guidelines from both the ACG and the SAGES recommend patients with achalasia undergo both myotomy and fundoplication for the best outcomes[45,46].

Absent peristalsis: Conflicting data also exists regarding fundoplication for patients with absent peristalsis. Evidence of aperistalsis, defined as failed peristalsis with 100% of swallows, on HRM can indicate patients with scleroderma-like esophagus (Figure 8)[49]. Older studies have confirmed anti-reflux surgery can lead to improved symptoms, but more recent studies indicated these patients might have a higher risk for post-operative dysphagia[42,50]. Additionally, studies have shown that alternative surgeries such as a Roux-en-Y bypass may lead to better outcomes. A 2018 study followed patients with systemic sclerosis undergoing surgical treatment for their GERD and compared fundoplication vs Roux-en-Y bypass. While the sample size was small, researchers found patients had better GERD symptom relief after Roux-en-Y compared to fundoplication[51].

Esophagogastric junction outflow obstruction: Esophagogastric junction outflow obstruction (EGJOO) is another esophageal motility disorder that can present with GERD like symptoms. In this disorder, patients have normal or weakened esophageal peristalsis on HRM with an elevated IRP[44]. While the current CC provides a guideline on making a diagnosis with HRM, it is important to remember that other factors can lead to an increased IRP. In some patients with hiatal hernias, the manometry catheter may be incorrectly positioned due to the underlying anatomical abnormality, which can contribute to increased IRP measurements[52]. These patients require confirmatory testing, and some centers have adopted the use of upright HRM measurements with an IRP > 12 mmHg as a cutoff[53]. Additionally, other esophageal abnormalities such as Schatzki’s ring can lead to altered HRM results[54]. Data is currently limited regarding the outcomes of fundoplication in patients with EGJOO, but an accurate diagnosis is still important as it identifies esophageal dysmotility as the cause of a patient’s GERD like symptoms.
Opioid induced esophageal dysfunction is increasingly being recognized as a potential cause of esophageal dysmotility. Just as chronic opioid use can lead to bowel hypomotility, it is theorized that opioids may block esophageal inhibitory signals leading to increased contractions and decreased LES sphincter relaxation[55]. This can in turn lead to findings of EGJOO, esophageal spasm, and hypercontractile esophagus on HRM (Figure 9)[56]. It is important to recognize the effect of chronic opioid use on esophageal motility, as cessation of opioid drugs may lead to resolution of GERD like symptoms.

[bookmark: OLE_LINK198][bookmark: OLE_LINK199][bookmark: OLE_LINK213]Hypercontractile disorders: In addition to uncovering evidence of esophageal hypomotility, HRM can also identify hypercontractile patterns such as jackhammer esophagus and esophageal spasm (Figure 10). While the pathophysiology behind these diseases is still under investigation, both involve impaired inhibition and coordination of esophageal peristalsis and can present with dysphagia, non-cardiac chest pain, and reflux[57,58]. Jackhammer esophagus can be diagnosed on HRM if at least 20% of swallows have a distal contractile integral (DCI) of greater than 8000 mmHg[44]. According to the 2019 ICARUS guidelines, 64% of experts agreed that patients with jackhammer esophagus are still good candidates for anti-reflux surgery, but this assertion is only supported by grade D evidence[42]. Data is limited regarding outcomes of patients with jackhammer esophagus after anti-reflux surgery, but one retrospective study found no difference in outcomes when compared to patients with physiologic esophageal motility[59]. Distal esophageal spasm is diagnosed in patients with a normal IRP but ≥ 20% of premature contractions with a DCI of > 450 mmHg[44]. 64% of experts agreed that these patients were not good surgical candidates, but this again was only supported with grade D evidence[42]. Instead, the authors suggested specific therapeutic measures for esophageal spasm such as botulinum injections and myotomy instead of anti-reflux surgery[42].

Utility of provocative maneuvers during HRM 
[bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK225]Provocative studies such as multiple rapid swallow (MRS) or rapid drink challenge (RDC) tests can also be added to HRM to further evaluate esophageal physiology. MRS testing involves swallowing small amounts of water over a quick period of time which stresses the coordination of esophageal contraction and LES relaxation[60]. Recent studies have found the addition of MRS during HRM can help uncover pathologies that might have been missed on manometry alone such as distal esophageal spasm and achalasia variants[61]. MRS also allows for visualization of esophageal pressurization patterns which can help identify hypercontractility and EGJOO[62,63]. RDC is also a simple test that can be added to HRM to stress the esophagus and uncover motility disorders. RDC is a similar test to MRS, but involves drinking a larger total amount of water. A recent study in 2017 compared HRM and RDC results between healthy individuals and a cohort of patients with dysphagia and reflux. They found that the addition of RDC improved the sensitivity and specificity of HRM for identifying esophageal motility disorders to 85% and 95% respectively[64].
Another provocative test that can be added to HRM is apple viscous swallows (AVS). AVS involves patients swallowing apple sauce during manometry, and the increased viscosity may help better simulate physiologic swallowing of food. A study from 2011 Looked at patients with dysphagia and compared results of HRM with AVS and standard water swallows. The researchers found that 4% of patients had abnormal results with water swallows, but this increased to 30% with AVS[65]. Overall, the additions of provocative maneuvers such as MRS, RDC, and AVS to HRM are quick and simple and can help identify esophageal motility disorders in patients with GERD like symptoms.
Provocative testing also has important utility as a pre-operative assessment by predicting the risk of post-operative dysphagia. The DCI is another measurement that can be used to assess the strength of esophageal contractions during HRM[63]. According to the CC, a DCI ratio can be calculated from standard manometry and MRS testing to assess peristaltic or contraction reserve (Figure 11)[44]. This can help indicate the ability of the esophageal body to augment contractions and may be predictive of multiple pathologies in patients with impaired esophageal motility[22,66]. Patients with weak contractions on HRM with MRS may have low peristaltic reserve and a DCI ratio cutoff of > 0.85 was found to be 67% sensitive and 64% specific for identifying late post-operative dysphagia in patients with GERD[67]. Additionally, a lack of manometric response can identify patients with esophageal involvement of their systemic sclerosis, as peristaltic reserve is typically absent in this population[68].
It is known from previous studies that impaired LES pressures are associated with increased esophageal acid exposure[69]. A 2012 retrospective study included over 2000 patients who underwent manometry and pH testing and found that patients with incompetent LES pressures had significantly higher DeMeester scores[70]. A hiatal hernia is one example of why the LES can be compromised in patients and lead to lower closing pressures[71]. The straight leg raise is another simple provocative maneuver that can be completed during HRM to assess patients with a hiatal hernia (Figure 12). Previous studies have indicated the size of a hiatal hernia is the best predictor for the severity of GERD[72]. Straight leg raises during HRM can increase intraabdominal pressure and stress the LES. A recent study measured trans-esophagogastric junction gradient pressures during straight leg raises on HRM and found a significant decrease in peak pressure gradient in patients with a hiatal hernia of 3 cm or greater[73]. Straight leg raises are a simple provocative maneuver to add during HRM and can identify patients that could benefit from surgical treatment for both their GERD and hiatal hernia with good outcomes[74] (Table 3).

Ruling out supragastric belching and rumination syndrome
Patients with GERD may also commonly complain of increased belching[75]. Supragastric belching is another disorder with many GERD-like symptoms, and is common in patients with GERD, NERD, reflux hypersensitivity, and functional dyspepsia[76,77]. Distinguishing between the two disorders is important, as both are due to different underlying pathologies requiring specific treatment approaches. Supragastric belching is seen as a learned behavioral disorder where air is pulled into the esophagus, but there is no transient relaxation of the LES as seen in physiologic belching[78]. Even though these patients present with symptoms of reflux, the treatment is directed at behavioral therapy to decrease bringing air into the esophagus. These patients would not be good candidates for anti-reflux surgery. Recent improvements in high resolution impedance manometry (HRIM) allow for clinicians to measure both esophageal pressure and flow during swallows[79]. While supragastric belching can induce GERD, HRIM can identify episodes of supragastric belching with no LES relaxation and confirm only esophageal air is released instead of gastric air[80].
Rumination syndrome is another functional disorder involving patients suffering with GERD-like symptoms of frequent reflux and regurgitation. Like supragastric belching, HRM can be useful in identifying the underlying mechanism of the dysfunction. A recent study found that different subtypes of rumination can be identified on HRM, with some having pathophysiologies similar to supragastric belching, and others showing evidence of gastric contents refluxing above the LES[35]. While the first line treatment of rumination syndrome involves cognitive behavioral therapy, HRM can help identify patients with gastric rumination as the cause of their reflux symptoms, and these patients may benefit from further treatments such as anti-reflux surgery[35].

CONCLUSION
[bookmark: OLE_LINK31][bookmark: OLE_LINK32]Fundoplication is a safe and effective treatment for individuals with GERD, but a thorough pre-operative assessment is critical to achieving good surgical outcomes. Newer technologies continue to become more widely available and can help clinicians in selecting appropriate surgical candidates. By accurately diagnosing GERD, assessing peristaltic reserve, and ruling out major motility disorders and diseases with GERD-like symptoms, clinicians can confidently identify patients with true LES dysfunction who would benefit from surgical intervention.
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Figure Legends
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[bookmark: OLE_LINK33]Figure 1 Twenty-four hours pH studies. A: Normal 24 h pH study showing acid in the stomach without acid reflux events in the esophagus; B: Abnormal 24 h pH monitoring test with multiple acid reflux events in the esophagus (star indicating reflux events).
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[bookmark: OLE_LINK34][bookmark: OLE_LINK35]Figure 2 Abnormal wireless capsule pH study (arrows indicating prolonged reflux events).

A                                                           B
[image: ]
[bookmark: OLE_LINK36][bookmark: OLE_LINK37]Figure 3 Examples of pH-impedance measurements. A: Reflux event recorded during 48 h pH-impedance study; B: Weak acid reflux event in the esophagus without acid exposure in the stomach detected on pH-impedance study (arrows indicating impedance events, star indicating pH drop and acid event).
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Figure 4 Utility of pH and multichannel intraluminal impendence pH testing for pre-operative assessment. GERD: Gastroesophageal reflux disease; NERD: Non-erosive reflux disease; PPI: Proton pump inhibitor; AET: Acid exposure time; MII-pH: Multichannel intraluminal impendence pH monitoring.
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[bookmark: OLE_LINK38]Figure 5 Utility of high-resolution manometry for pre-operative assessment. LES: Lower esophageal sphincter.
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[bookmark: OLE_LINK39][bookmark: OLE_LINK40]Figure 6 Normal peristalsis and lower esophageal sphincter relaxation on high-resolution manometry. A: Example of normal swallow on high-resolution manometry; B: Normal swallow with complete esophageal clearance by impedance.
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[bookmark: OLE_LINK41][bookmark: OLE_LINK42]Figure 7 Examples of achalasia diagnosed on high-resolution manometry. A: Type I achalasia with failure of lower esophageal sphincter relaxation and absence of peristalsis; B: Type II achalasia with panesophageal pressurization; C: Type III achalasia with abnormal peristalsis (spastic/premature contractions).
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[bookmark: OLE_LINK43][bookmark: OLE_LINK44]Figure 8 Scleroderma esophagus with absent peristalsis and hypotensive lower esophageal sphincter.
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[bookmark: OLE_LINK45][bookmark: OLE_LINK46]Figure 9 Outflow obstruction with elevated residual pressure and distal pressurization from chronic opioid use.
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[bookmark: OLE_LINK47][bookmark: OLE_LINK48]Figure 10 Example of hypercontractile esophagus with distal contractile integral > 8000 mmHg.
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[bookmark: OLE_LINK49][bookmark: OLE_LINK50]Figure 11 Findings on high-resolution manometry with multiple rapid swallow. A: Normal multiple rapid swallow (MRS) with good contraction distal contractile integral; B: Weak esophageal contractions with MRS; C: Failed esophageal contractions with MRS.
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Figure 12 Examples of straight leg raise testing during high-resolution manometry. A: Normal straight leg raise test with single pressurization zone; B: Two pressurization zones after straight leg raise indicating presence of small hiatal hernia; C: Example of two pressurization zones after straight leg raise in patient with large hiatal hernia (Arrows indicate pressurization zones).

Table 1 Esophageal disorders with gastroesophageal reflux disease-like symptoms
	Diagnosis
	Definition
	Clinical symptoms
	Pathophysiology
	Diagnostic evaluation

	Structural disorders

	[bookmark: OLE_LINK208][bookmark: OLE_LINK209]GERD
	Symptoms and complications secondary to the reflux of gastic contents above the lower esophageal sphincter[5]
	Regurgitation, reflux, dysphagia, retrosternal non-cardiac chest pain, globus sensation, extra esophageal symptoms
	Abnormal transient LES relaxation, LES dysfunction secondary to anatomic abnormality such as hiatal hernia
	Upper endoscopy, high resolution manometry, ambulatory pH testing, ambulatory impedance testing

	Weak acid reflux
	Symptoms secondary to reflux of gastric contents above the LES with pH ranging from 4-7[32]
	Reflux, regurgitation, non-cardiac chest pain
	Persistent reflux with pH from 4-7 due to transient LES relaxation
	 pH studies - on maximum PPI therapy

	Eosinophilic esophagitis
	Presence of symptoms of esophageal dysfunction such as reflux or dysphagia, eosinophilic inflammation on esophageal biopsy with ≥ 15 eosinophils per high power field, and exclusion of other disorders with similar presentations[81]
	Dysphagia, reflux, non-cardiac chest pain
	Eosinophil mediated inflammatory response in the esophagus secondary to allergenic antigens
	Upper endoscopy with biopsy

	Motility disorders

	Achalasia
	Elevated IRP > 15 mmHg and absence of normal peristalsis[44]
	Dysphagia, regurgitation, non-cardiac chest pain
	Failure of LES relaxation and absence of normal peristalsis
	High resolution manometry, upper endoscopy, barium studies

	Scleroderma
	Systemic symptoms with aperistalsis with failed peristalsis on 100% of swallows[49]
	Reflux, dysphagia, non-cardiac chest pain
	Lower esophageal collagen deposition leading to LES dysfunction
	High resolution manometry, autoimmune antibody workup

	Distal esophageal spasm
	Normal IRP and ≥ 20% premature contractions with DCI > 450 mmHg[44]
	Dysphagia, regurgitation, reflux, non-cardiac chest pain
	Impaired inhibition and coordination of esophageal muscle contraction
	High resolution manometry, Barium swallow “corkscrew esophagus”

	Hypercontractile esophagus
	Minimum of 2 swallows with DCI > 8000 mmHg[44]
	Retrosternal non-cardiac chest pain, dysphagia, regurgitation
	Increased contraction of esophageal smooth muscle
	Upper endoscopy, barium studies, high resolution manometry

	Esophagogastric junction outflow obstruction
	Elevated median IRP > 15 mmHg with evidence of peristalsis on swallows[44]
	Dysphagia, reflux, regurgitation
	Impairment of esophagogastric junction relaxation with normal or weakened esophageal peristalsis
	High resolution manometry, needs to be confirmed with further studies such as barium swallow or endoflip, must rule out artifact that can be seen with a hiatal hernia

	Opioid induced esophageal dysfunction
	Presence of symptoms of esophageal dysfunction with manometric evidence of esophageal dysmotility in the presence of chronic opioid use[55]
	Regurgitation, dysphagia, reflux
	Opioid induced blocking of esophageal inhibitory signals leading to increased spastic contraction and decreased LES relaxation
	Clinical history, high resolution manometry

	Gastroparesis 
	Presence of symptoms such as nausea, vomiting, and early satiety with mechanical obstruction ruled out and evidence of delayed gastric emptying on testing[82]
	Nausea, reflux, regurgitation, early satiety, abdominal pain and bloating
	Multiple etiologies caused slowed peristalsis and delayed gastric emptying
	Gastric emptying study

	Functional disorders

	Functional heartburn
	Presence of burning retrosternal discomfort, no symptoms relief on optimal therapy, absence of GERD or EOE as cause of symptoms, and absence of major motility disorder[83]
	Reflux, regurgitation, globus sensation
	Potentially secondary to increased esophageal sensitivity
	Upper endoscopy, high resolution manometry, pH-impedance studies

	Reflux hypersensitivity
	Presence of retrosternal chest pain, normal endoscopy and absence of EOE, absence of major motility disorder, and symptom association with reflux events with normal acid exposure on pH-impedance tests[83]
	Reflux
	Hypersensitization of esophageal nerve endings leading to pain secondary to physiologic esophageal stimuli
	Upper endoscopy, high resolution manometry, pH-impedance studies

	Rumination
	Must include both persistent regurgitation of recently ingested food with subsequent spitting or re-mastication, and regurgitation that is not preceded by retching[83]
	Regurgitation (frequently after meals), reflux
	Behavioral contraction of abdominal muscles leading to increased intragastric pressure and reflux
	Clinical history, high resolution manometry, pH-impedance studies

	Supragastric belching
	Presence of frequent repetitive belching, no established clinical correlate for gastric belching, and evidence of supragastric origin on impedance testing[83]
	Frequent belching, reflux, regurgitation, globus sensation
	Behavioral swallowing of air without LES relaxation
	Clinical history, high resolution manometry, pH-impedance studies


[bookmark: OLE_LINK217][bookmark: OLE_LINK218][bookmark: OLE_LINK221][bookmark: OLE_LINK222]LES: Lower esophageal sphincter; GERD: Gastroesophageal reflux disease; IRP: Integrated relaxation pressure; DCI: Distal contractile integral; EOE: Eosinophilic esophagitis.

Table 2 Esophageal pH measurement options
	
	Overview
	Benefits
	Limitations

	Twenty-four hours ambulatory catheter
	Trans-nasal catheter placed 5 cm above the LES. Measures time of pH < 4
	Can be placed in office
	Catheter may cause discomfort; Patients may deviate from daily routine; Patients should refrain from taking PPI therapy during testing; False positives secondary eating/drinking acidic food

	Wireless capsule
	Small probe that is placed endoscopically in esophagus 5-6 cm above LES. Measures time of pH < 4
	Little patient discomfort; Battery life of 48-96 h allows for better measurement of physiologic acid exposure
	Must be placed endoscopically; Patients should refrain from taking PPI therapy during testing; False positives secondary eating/drinking acidic food

	MII-pH catheter
	Trans-nasal catheter placed 5 cm above LES. Contains pH probe along with electrodes to measure reflux episodes
	Can be done on or off PPI; Measures pH and reflux independently; Patients can continue taking PPIs; Can identify patients with weak acid reflux
	Catheter may cause discomfort; Patients must have prior manometry testing; False positive possible in patients with rumination, achalasia, and scleroderma


LES: Lower esophageal sphincter; PPI: Proton pump inhibitor.

Table 3 Key measurements on high resolution manometry
	Measurement
	Utility

	Integrated relaxation pressure
	Measures esophageal pressures during transit and passage through esophagogastric junction. Can be used to diagnose achalasia and other hypomotility disorders

	Distal contractile integral
	Measures strength of esophageal contractions. Can diagnose hypercontractile disorders such as jackhammer esophagus

	Distal latency
	Measurement of esophageal transit and contraction time. Can indicate impaired or spastic peristalsis

	DCI ratio
	[bookmark: OLE_LINK223][bookmark: OLE_LINK224]Ratio of DCI on normal swallows and MRS testing. Used to assess peristaltic reserve. This can be used to predict risk of post-operative dysphagia


DCI: Distal contractile integral; MRS: Multiple rapid swallow.
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