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Abstract

AIM: To investigate crural diaphragm (CD) function in systemic sclerosis (SSc) using high-resolution manometry and standardized inspiratory maneuvers.

METHODS: Eight SSc volunteers (average age, 40.1 years; one male) and 13 controls (average age, 32.2 years; six males) participated in the study. A high-resolution manometry/impedance system measured the esophagus and esophagogastric junction (EGJ) pressure profile during swallows and two respiratory maneuvers: sinus arrhythmia maneuver (SAM; the average of six EGJ peak pressures during 5-s deep inhalations) and threshold maneuver (TM; the EGJ peak pressures during forced inhalation under 12 and 24 cmH2O loads). Inspiratory diaphragm lowering (IDL) was taken as the displacement of the EGJ high-pressure zone during the SAM.

RESULTS: SSc patients had lower mean lower eso​phageal sphincter pressure than controls during normal breathing (19.7 ± 2.8 mmHg vs 32.2 ± 2.7 mmHg, P = 0.007). Sinus arrhythmia maneuver pressure was higher in SSc patients than in controls (142.6 ± 9.4 mmHg vs 104.6 ± 13.8 mmHg, P = 0.019). Sinus arrhythmia maneuver pressure normalized to IDL was also higher in SSc patients than in controls (83.8 ± 13.4 mmHg vs 37.5 ± 6.9 mmHg, P = 0.005). Threshold maneuver pressures normalized to IDL were also greater in SSc patients than in controls (TM 12 cmH2O: 85.1 ± 16.4 mmHg vs 43.9 ± 6.3 mmHg, P = 0.039; TM 24 cmH2O: 85.2 ± 16.4 mmHg vs 46.2 ± 6.6 mmHg, P = 0.065). Inspiratory diaphragm lowering in SSc patients was less than in controls (2.1 ± 0.3 cm vs 3 ± 0.2 cm, P = 0.011).

CONCLUSION: SSc patients had increased inspiratory EGJ pressure. This is an add-on to EGJ pressure and indicates that the antireflux barrier can be trained.
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INTRODUCTION

Systemic sclerosis (SSc) is a clinically heterogeneous and generalized disease that affects the connective tissue of the skin and internal organs, such as the gastrointestinal (GI) tract, lungs, kidneys, and heart. SSc is characterized by severe and often progressive cutaneous and visceral fibrosis, marked alterations in the microvasculature, and frequent cellular and humoral immunity abnormalities[1].

GI is frequent in SSc and is the presenting feature of the disease in 10% of cases. Severe GI manifestations appear to be mostly related to fibrosis, but early neural disease can also lead to clinical manifestations. The result is altered peristaltic activity with multiple secondary problems, including gastroesophageal reflux disease (GERD), early satiety, nausea, vomiting, pseudo-obstruction, pneumatosis cystoid intestinalis, small-intestine bacterial overgrowth, malabsorption, and ultimately malnutrition[2].

Esophageal involvement occurs in up to 90% of SSc cases, affecting the smooth muscle segment of the organ. It leads to substantially reduced amplitudes of distal esophageal contractions and diminished pressure of the lower esophageal sphincter (LES)[2]. GERD is common in SSc and adds significantly to the morbidity of the disease. Endoscopic reflux esophagitis occurs in 77% of patients[3]. Therefore, antireflux mechanisms are always a concern in SSc patients.

The esophagogastric junction (EGJ) acts as a gatekeeper that controls both normal bolus transit and GER. After inspiratory muscle training[4] and the endoscopic placement of polymer prosthesis at the EGJ[5], the number of proximal refluxes decreased, possibly secondary to a lower refluxate volume caused by a tighter EGJ. The crural diaphragm (CD) is an essential part of the EGJ and contributes to EGJ pressure[6]. However, despite marked LES dysfunction in SSc, unknown is whether the CD is involved in SSc. The goal of the present study was to evaluate inspiratory EGJ pressure in SSc patients. Herein, we considered controlled inspiratory LES pressure a surrogate for CD strength.

MATERIALS AND METHODS
Eight SSc volunteers (average age, 40.1 years; one male) were selected to participate in this study. The diagnosis of SSc was based on the criteria of the American College of Rheumatology[7]. Patients with other connective tissue disorders were excluded. All of the SSc volunteers attended the Gastroenterolo​gy outpatient facility at Walter Cantídio University Hospital (Federal University of Ceará, Brazil). A gastroenterologist interviewed SSc volunteers to obtain a complete clinical history and scored he​artburn and regurgitation according to frequency using a standardized questionnaire: 0 (none), 1 (less than once per week), 2 (once per week), 3 (two to four times per week), 4 (more than five times per week). The study protocol was publicly announced at the hospital. Additionally, 13 healthy volunteers (average age, 32.2 years; six males) without any symptoms served as controls. All of the controls had a normal physical examination and no antecedents of abdominal surgery. Written informed consent was obtained from each participant. The Research Eth​ics Committee of the University Hospital approv​ed the study protocol prior to the experiments (No. 044.06.09).

High-resolution esophageal manometry

Manometric studies were performed with the volun​teers in the supine position after at least a 6-h fast. The catheters were 4.2 mm-outer-diameter solid-state assemblies with 36 circumferential sensors at 1-cm intervals and 18 impedance segments at 2-cm intervals (Given Imaging, Yoqneam, Israel). Pressure transducers were calibrated at 0 and 300 mmHg and zeroed to atmospheric pressure. The catheter was placed transnasally and positioned to record from the upper esophageal sphincter to the stomach with at least five sensors distal to the diaphragm. The manometric protocol included a basal period for EGJ pressure measurements, ten 5-mL saline swallows, and two respiratory maneuvers in the supine position.

Respiratory maneuvers

The respiratory maneuvers have been previously described[8]. The volunteers remained in the supine position while EGJ pressure was measured. The volunteers did not swallow 20 s before or during the maneuvers. First, six cycles of 5-s deep inhalation and 5-s exhalation [sinus arrhythmia maneuver (SAM)][9] produced six EGJ inspiratory peak pressures. Second, the volunteers made a quick and forced inhalation through a device that incorporated a flow-independent one-way valve that ensured consistent resistance[10]. When the volunteers inhaled through the device, a spring-loaded valve provided an adjustable resistance (in cmH2O; Threshold IMT, Philips Respironics, Andover, MA, United States). Each subject continued fast inhalations under 12- and 24-cmH2O loads [threshold maneuvers (TM12 and TM24)]. The TM procedures were performed twice. The volunteers practiced both the SAM and TM before the study.

Data analysis

For LES pressure and the esophageal body, the horizontal cursors for gastric and EGJ landmarks were manually set in the pressure topography display mode of the ManoView Analysis 3.0 software workspace (Yoqneam, Israel). The mean LES pressure and minimal respiratory LES pressure were then measured. Individual swallows were reviewed and analyzed according to the Chicago classification[11]. Lower esophageal sphincter pressures were referenced to intragastric pressure.

The CD vertical position was determined using the smart mouse tool of ManoView before and during each inhalation of the SAM maneuver. Inspiratory diaphragmatic lowering (IDL; in centimeters) was defined as how far the CD moved downward relative to its resting position before the maneuver (Figure 1). Maneuver pressure acquisition was referenced to atmospheric pressure and measured as follows. The LES cursor was repositioned on the downward-shifted CD during the inspiratory maneuvers (topographic display mode), and the inspiratory pressures were measured with the e-sleeve. The e-sleeve length was set to the length of the EGJ high-pressure zone. Inspiratory peak values were then determined in the tracing display mode. The average of the six peak pressures during the SAM (SAM pressure) and highest peak pressure of the two loaded forced inhalations at each load (TM12 and TM24 pressures) were calculated relative to the mean EGJ pressure during a stable 30-s period before the maneuvers. The data were corrected for the thermal sensitivity of the pressure sensors. Maneuver pressures are presented as raw data (mmHg) and data normalized to IDL (mmHg/cm). Work in physics is defined as force plus displacement. EGJ pressure was substituted for force. Thus, EGJ work was defined by the EGJ pressure that developed during the SAM plus IDL (mmHg*cm). The data are expressed as mean and SEM.

Statistical analysis

The normalities of the variables’ distributions were tested using the D’Agostino test. The only non-normal variable was SAM pressure; thus, the Mann-Whitney test was used to compare the distribution of that variable across SSc patients and controls. Student’s unpaired-samples t-test was used to compare the averages of the other quantitative and continuous variables. The level of statistical significance was set at 0.05 for differences in mean values and distributions. JMP Statistical Discovery, version 7.0.1 (SAS Institute, Cary, NC, United States), and Prism (GraphPad Software, La Jolla, CA, United States) were used for the statistical analyses.

RESULTS

The eight SSc volunteers presented severe eso​phageal motility disorders. Six had 100% distal contraction failure. The other two had 30% and 70% peristalsis failure; they also had an exceedingly low Distal Contractility Integral (DCI; 187.5 and 147 mmHg•cm•s, respectively). The mean Integrated Relaxation Pressure was 8.3 mmHg. All of the SSc patients showed incomplete bolus transit after a single 5-mL liquid swallow. All of the SSc volunteers had interstitial lung disease. Six had lung fibrosis, indicated by computed tomography. Two suffered from exertion dyspnea.

All of the SSc patients complained of heartburn at least two times per week. Six of the SSc patients presented regurgitation, and five had intermittent esophageal dysphagia. Mean LES pressure was lower in SSc patients than in controls (19.7 ± 2.8 mmHg vs 32.2 ± 2.7 mmHg, P = 0.007). Minimal respiratory LES pressure was even lower in SSc patients than in healthy volunteers (8.5 ± 1.7 mmHg vs 21.9 ± 2.8 mmHg, P = 0.002; Figure 2). Sinus arrhythmia maneuver pressure was significantly higher in SSc patients than in healthy volunteers (142.6 ± 9.4 mmHg vs 104.6 ± 13.8 mmHg, P = 0.019; Figure 3). Sinus arrhythmia maneuver pressure normalized to IDL was also significantly higher in SSc patients than in healthy controls (83.8 ± 13.4 mmHg vs 37.5 ± 6.9 mmHg, P = 0.005). Threshold maneuver pressures in SSc patients were similar to controls (TM12: 140.8 ± 13.6 mmHg vs 124.4 ± 11.5 mmHg, P = 0.158; TM24: 141.2 ± 15.1 mmHg vs 130.9 ± 12.2 mmHg, P = 0.491). At 12 cmH2O, TM pressure normalized to IDL was greater in SSc patients than in controls (TM12: 85.1 ± 16.4 mmHg vs 43.9 ± 6.3 mmHg, P = 0.039) and tended to be greater at 24 cmH2O (TM24: 85.2 ± 16.4 mmHg vs 46.2 ± 6.6 mmHg, P = 0.065). Inspiratory diaphragm lowering was less in SSc patients than in healthy volunteers (2.1 ± 0.3 cm vs 3 ± 0.2 cm, P = 0.011). Therefore, SSc patients developed the same EGJ work as healthy volunteers during inhalation (296.7 ± 53.7 mmHg•cm vs 303.5 ± 30.5 mmHg•cm, P = 0.906; Figure 4).

DISCUSSION

The present study showed that standardized in​spiratory pressure of the EGJ was higher in SSc patients than in healthy volunteers. This occurred despite marked esophageal involvement in the patients.

The intraluminal EGJ pressures were measured using a state-of-the-art method. Two respiratory maneuvers were adapted to be performed during EGJ manometry. The first maneuver, the SAM, was based on a long-accepted maneuver that was designed to evaluate cardiac sinus arrhythmia[9]. The second maneuver, the TM, took advantage of a device that is often used by physical therapists to improve diaphragmatic function[12]. Both maneuvers have recently been used to study EGJ pressure in GERD[8]. The SAM was quite easy for the volunteers to execute. The TM was more difficult and required the volunteers to undergo some training beforehand. Moreover, the TM pressures had a larger standard error than the SAM pressures. The TM pressures in SSc patients at 24 cmH2O were not significantly higher than controls possibly because of a type 2 inference error. The healthy volunteers were younger than the SSc patients. However, this fact cannot explain why they had smaller inspiratory EGJ pressures than the older SSc patients. Indeed, older individuals usually have weaker striated muscles. As early as around the fourth decade of life, both muscle mass and strength begin to decline[13]. Muscle loss appears to be unavoidable and accelerates with advancing age[14]. Therefore, age differences may not have played an essential role in the results of this study.

All of the SSc volunteers had clinically significant lung disease. A reasonable consideration is that such patients have adapted the diaphragm, which is the principal inspiratory muscle, to allow for adequate lung ventilation. Substantial evidence indicates respiratory muscle adaptation in disease states[15]. The contractile apparatus of the diaphragm may change as a result of interstitial lung disease to shift its length-tension relationship. As a result, the CD may be able to deliver stronger inspiratory tension and greater inspiratory EGJ pressures. In fact, augmenting inspiratory EGJ pressure is possible after inspiratory muscle training[8]. Interestingly, in addition to improving GERD symptoms and inspiratory EGJ pressure, inspiratory muscle training also diminishes proximal reflux progression[8]. SSc patients with lung fibrosis have more distal and proximal GER relative to SSc patients without lung fibrosis[16]. The present study found possible pathophysiological diaphragm adaptation in SSc patients that may confer some degree of protection against proximal gastroesophageal reflux. The higher inspiratory pressures in SSc are likely attributable to the lung disease itself because GERD is associated with crural insufficiency[8]. If SSc patients with lung fibrosis do not improve their inspiratory EGJ pressure during disease progression, would they have more lung fibrosis?

If indeed the microaspiration of gastric contents triggers pulmonary parenchymal lesions[17], that proximal reflux is necessary for microaspiration, and that increasing inspiratory EGJ pressure diminishes proximal reflux, then the naturally occurring high inspiratory pressures in SSc with lung disease may be useful to partially control GERD in SSc. Furthermore, increases in inspiratory EGJ pressure (e.g., after inspiratory muscle training) may be an add-on to GERD treatment in SSc patients and GERD in general.

This study was funded in full by Conselho Nacional de Desenvolvimento Científico e Tecnológico and Fundação Cearense de Apoio ao Desenvolvimento Científico e Tecnológico (FUNCAP).
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Background

Diaphragm function changes in different conditions. In respiratory diseases, diaphragm dynamics may adapt to a new pathophysiological steady state. In gastroesophageal reflux disease (GERD), symptoms and the antireflux barrier may improve after inspiratory training. The authors evaluated esophagogastric junction (EGJ) pressures in systemic sclerosis (SSc) that may be associated with both lung fibrosis and GERD.

Research frontiers

The authors showed that inspiratory intraluminal EGJ pressures are higher in SSc patients than in controls. They measured inspiratory pressures during new maneuvers that unveiled these differences in pressures. Inspiratory EGJ pressures are produced by crural diaphragm contraction that may undergo changes in its dynamics by lung fibrosis.

Innovations and breakthroughs

This is believed to be the first study to show a pathophysiological adaptation of the antireflux barrier to a disease.

Applications

This supports the idea that the crural diaphragm and antireflux barrier can be trained by inspiratory exercises that may prove useful in GERD treatment.

Terminology

The crural diaphragm (CD) is an important antireflux barrier component. High-resolution manometry of the esophagus and a topographic display of pressures allow the study of CD function. Standardized inspiratory maneuvers (sinus arrhythmia and threshold) were used to measure CD strength and work.

Peer-review

The authors reported an interesting phenomenon that increased inspiratory EGJ pressure in SSc could contribute to pathophysiological diaphragm adaptation in patients with lung fibrosis. The increased EGJ pressure may also serve as a protective factor in GERD and be enforced through training.
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Figure Legends
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Figure 1  Sinus arrhythmia maneuver. (Upper panels) Esophageal and esophagogastric junction (EGJ) pressure topography is shown during six 5-s inhalations (Ⅰ). Inspiratory diaphragm lowering was then determined (A). The analysis landmarks are presented in the upper right panel (Ⅱ). In this case, the e-sleeve extended approximately 6 cm across the EGJ. (Lower panel) (Ⅲ) Esophageal and EGJ pressure tracings during sinus arrhythmia maneuver (SAM) where inspiratory peak pressures were measured (B) relative to expiratory pressure.
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Figure 2  Mean lower esophageal sphincter pressure and minimal respiratory lower esophageal sphincter pressure in particular were significantly lower in systemic sclerosis patients than in healthy volunteers. bP < 0.01, dP < 0.01 vs healthy. SSc: Systemic sclerosis; LES: Lower esophageal sphincter.
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Figure 3  Esophagogastric junction pressure during sinus arrhythmia maneuver is higher in systemic sclerosis patients than in healthy volunteers. This difference is even more pronounced if this parameter is normalized to the degree of inspiratory diaphragm lowering (IDL). aP < 0.05, bP < 0.01 vs Healthy. SSc: Systemic sclerosis; SAM: Sinus arrhythmia maneuver.
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Figure 4  Degree of inspiratory diaphragm lowering is less in systemic sclerosis patients than in healthy volunteers. Esophagogastric junction (EGJ) work is similar across these two groups. aP < 0.05 vs healthy. SSc: Systemic sclerosis; SAM: Sinus arrhythmia maneuver; IDL: Inspiratory diaphragm lowering.
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