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Abstract

:

Patients in the neurological ICU are at risk of suffering from disorders of the upper gastrointestinal tract. Oropharyngeal dysphagia (OD) can be caused by the underlying neurological disease and/or ICU treatment itself. The latter was also identified as a risk factor for gastrointestinal dysmotility. However, its association with OD and the impact of the neurological condition is unclear. Here, we investigated a possible link between OD and gastric residual volume (GRV) in patients in the neurological ICU. In this retrospective single-center study, patients with an episode of mechanical ventilation (MV) admitted to the neurological ICU due to an acute neurological disease or acute deterioration of a chronic neurological condition from 2011–2017 were included. The patients were submitted to an endoscopic swallowing evaluation within 72 h of the completion of MV. Their GRV was assessed daily. Patients with ≥1 d of GRV ≥500 mL were compared to all the other patients. Regression analysis was performed to identify the predictors of GRV ≥500 mL/d. With respect to GRV, the groups were compared depending on their FEES scores (0–3). A total of 976 patients were included in this study. A total of 35% demonstrated a GRV of ≥500 mL/d at least once. The significant predictors of relevant GRV were age, male gender, infratentorial or hemorrhagic stroke, prolonged MV and poor swallowing function. The patients with the poorest swallowing function presented a GRV of ≥500 mL/d significantly more often than the patients who scored the best. Conclusions: Our findings indicate an association between dysphagia severity and delayed gastric emptying in critically ill neurologic patients. This may partly be due to lesions in the swallowing and gastric network.
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1. Introduction


The upper gastrointestinal (GI) tract consists of the mouth, pharynx, esophagus, stomach and duodenum. To provide sufficient nutrition and fluid intake, a finely tuned interaction between the structures of the GI tract is crucial [1,2,3,4], starting with the oropharyngeal phase of swallowing. Oropharyngeal dysphagia (OD) is a key feature of different neurological diseases, such as stroke, neuromuscular and neurodegenerative disorders [5]. Particularly in the context of neurocritical care, OD is associated with an increased risk of complications, such as malnutrition and aspiration pneumonia, and is also intimately linked to an overall poor prognosis [2,6,7]. The pathophysiology of OD is complex and may, according to the specific disease in question, involve damage to the central and/or peripheral levels of the swallowing network [2]. Furthermore, in the critically ill, direct trauma to the pharyngeal and laryngeal mucosa caused, for example, by endotracheal or nasogastric tubes, may worsen peripheral sensory feedback and thereby aggravate swallowing impairment [8].



GI motility is also frequently disordered in the critically ill, with up to 60% of patients having been reported to experience GI dysmotility of some form and necessitating therapeutic intervention [3,4]. GI dysmotility of the upper GI tract has significant clinical consequences, being associated with diminished provision of enteral nutrition and subsequent malnutrition, gastroesophageal reflux, and aspiration, as well as longer length of stay (LOS) in the intensive care unit (ICU) and increased mortality [9]. The pathophysiology of GI dysmotility in the critically ill is complex and, to a large extent, still unclear [4]. Interestingly, apart from the consequences of ICU treatment itself and, in particular, the GI side-effects of opioids and sedatives, alterations of hormonal pathways and impaired intrinsic modulation via enteric nerves [10], there is some evidence that dysfunction of the different parts of the nervous system may also contribute to GI dysmotility. Thus, probably because they also cause lesions to the cortical representation of the esophagus [11,12], acute strokes were shown to be related to esophageal dysmotility [13,14] and gastroesophageal reflux [15], ultimately increasing the risk of aspiration and subsequent pneumonia in affected patients [16]. In addition, patients with brain injuries have frequently been reported to present with delayed gastric emptying, resulting in gastric feeding intolerance and its sequelae [17,18,19,20,21,22].



In the present study, therefore, we investigate whether there is a correlation between OD and GI dysmotility, in particular delayed gastric emptying, in a comparatively large cohort of critically ill neurological patients requiring treatment in the ICU and mechanical ventilation (MV).




2. Materials and Methods


2.1. Study Design and Setting


This retrospective single-center investigation was conducted using the data of patients admitted to the neurological ICU of Münster University Hospital between January 2011 and December 2017. The inclusion criteria were: admittance to the neurological ICU due to an acute neurological disease, or the acute deterioration of a chronic neurological condition, an episode of MV and flexible fiberoptic endoscopic evaluation of swallowing (FEES) within 72 h of the completion of MV (either extubation or, in tracheotomized patients, the completion of weaning). The exclusion criteria were FEES ≥ 72 h after end of MV, palliative care and reduced vigilance (≤8 points on the Glasgow Coma scale), due to its impact on swallowing function. The data were derived from the clinical documentation system.




2.2. Patient Characteristics and Clinical Parameters


The epidemiological data, including sex and age, the Body Mass Index, the modified Rankin Scale (mRS) [23] on admission and discharge, the Functional Oral Intake Scale on discharge (FOIS) [24], the RASS (Richmond-Agitation-Sedation-Scale) [25] at the time of initial FEES after the completion of weaning from MV, the Acute Physiology And Chronic Health Evaluation (APACHE) II [26] on admission and discharge, the occurrence of pneumonia [27], sepsis [28] or ileus, the duration of treatment with anti-infectives and, in the case of ischemic or hemorrhagic stroke, the supra- and/or infratentorial lesion location were extracted from the patients’ files. Furthermore, if the volume of enteral nutrition (EN) was reduced and/or prokinetics were administered due to high gastric residual volume (GRV), this was recorded as well.




2.3. Dysphagia Assessment


According to our in-house guidelines, all the patients were examined at their bedside in an upright position by an experienced neurologist, together with a speech-language pathologist. The FEES were assessed according to the items ‘secretion management’, ‘spontaneous swallowing’ and ‘laryngeal sensibility/cough’. These items were scored, as previously described, according to the “Standardized Endoscopic Swallowing Evaluation for Tracheostomy Decannulation in Critically Ill Neurologic Patients” (SESETD) [29,30]. For this purpose and for better comparability across the patient collective, the items were similarly rated in non-tracheotomized patients as well. The item ‘saliva management’ was considered failed if massive pooling (not only coating) causing an impaired view of the vocal folds and/or silent penetration and/or aspiration of pooled saliva (permanently without any reaction) occurred. ‘Spontaneous swallows’ were considered failed if ≤2 swallows occurred during 2 min of observation. If no reaction to touch of the arytenoids with the tip of the endoscope on both sides could be elicited, the item ‘laryngeal sensibility’ was rated as “not passed”. Deriving from these three single items with passing = 1 point and failing = 0 points, a sum score was built, reaching from 0 to 3, as previously described [30]. All the examinations were part of local routine clinical care. The FEES were carried out using a 3.1-mm-diameter flexible fiberoptic rhinolaryngoscope (11101 RP2, Karl Storz, Tuttlingen, Germany), a combined light source and camera system (rp CAM-X, rpSzene®, Rehder/Partner, Hamburg, Germany) and a Medical Panel PC (WMP-226, Wincomm Corporation, Hsinchu, Taiwan) for display and recording. The videos were produced in standard definition quality. The data acquisition and analysis were approved by the local ethics committee.




2.4. Evaluation of Gastric Residual Volume


The amount of GRV was recorded daily (6 a.m. to 6 a.m.). For this purpose, the GRV drained into a reservoir connected to the gastric tube following gravity, according to our clinical routine and as previously described [31,32]. The reservoir was connected to the nasogastric tube (NGT) every 12 h for 1 h 30 min after the conclusion of EN. If vomiting or a significant amount of GRV were detected by our nursing staff, the EN was paused for 12 h. The patients were managed in a semi-recumbent position (30–45°) during the drainage of the GRV to prevent aspiration. Patients who had received in vivo thrombolysis and/or thrombectomy or surgery (e.g., external ventricular drainage) were kept nil-by-mouth for the first 24 h and EN was started thereafter. A GRV ≥500 mL/d on at least one day during the stay on the neurological ICU was defined as significant. This cut-off was chosen according to current recommendations and previous studies assuming this amount of GRV to be clinically relevant [31,32].




2.5. Statistical Analysis


The characteristics and clinical parameters of patients with vs. without increased GRV were compared. To test for a normal distribution of continuous variables, the Kolmogorov–Smirnov test was applied. For normally distributed data, the t-test was performed for group comparison, otherwise the Mann–Whitney U-test was used. The categorical variables were tested using the Fisher exact test in case the contingency tables included fewer than five cases and the chi2-test was used in case of a larger sample size. The significance level was set at 0.05. The significant variables in these univariate analyses were later included in a multivariate binary logistic regression analysis to identify the independent predictors of relevant GRV. The variables that were only gathered at discharge were not included. Pearson correlation was applied to test for an association between initial FEES sum score and days with significant GRV. All the analyses were performed using SPSS 26.0 (IBM, Armonk, NY, USA).





3. Results


Of the 1461 patients admitted to the neurological ICU with an episode of MV during the observational period, for further analysis, 295 had to be excluded (see patient recruitment diagram, Figure 1). Hence, 976 patients (423 females) were included in this study (Figure 1) of whom 627 (64.2%) were tracheotomized.



The epidemiological and clinical parameters are summarized in Table 1. On the initial FEES following the conclusion of MV, 360 patients received a score of 0, indicating severe dysphagia (36.9%); 145 passed one of the three items used to evaluate swallowing function (14.9%); and 173 received a score of 2 (17.7%). A total of 297 patients passed all three items (30.4%).



We observed a significant negative correlation between FEES score and the number of days with relevant GRV (Pearson correlation coefficient −0.125, p < 0.01). The number of days of GRV ≥500 mL/d according to the initial FEES score after the conclusion of MV can be seen in Figure 2.



Comparing groups without vs. with significant GRV, the latter demonstrated a longer LOS in the ICU (p < 0.001) and duration of MV (p < 0.001), suffered from hemorrhagic stroke (p = 0.004) and infratentorial lesions more often (p = 0.014), were younger (p < 0.001), included more males (p < 0.001), received a lower APACHE II on admission (p = 0.008), scored worse on the initial FEES after the conclusion of weaning (p < 0.001), including every single item of the sum score, suffered more often from pneumonia (p = 0.028) or sepsis (p = 0.004) and were discharged from the hospital with PEG or NGT significantly more often (p < 0.001). Multivariate logistic regression analysis (Table 2) indicated the following factors as significant independent predictors of GRV ≥500 mL/d on at least one day: dysphagia severity as evaluated by the FEES sum score (p = 0.010), duration of MV (p = 0.004), hemorrhagic stroke (p = 0.042), infratentorial lesion location of stroke (p = 0.019), age (p < 0.001) and male gender (p = 0.018).




4. Discussion


In this study, we assessed the relationship between the occurrence and degree of GI dysmotility and OD in ventilated patients in the neurological ICU and tried to identify predictors of GI dysmotility in this cohort. In support of our hypothesis, our first main finding was that the impairment of swallowing function diagnosed at the conclusion of MV was associated with relevant GRV as a surrogate marker of GI dysmotility. While the GI tract possesses intrinsic neural plexus that allow a certain degree of autonomy over digestion and nutrient absorption, the central nervous system provides extrinsic input that regulates, modulates and controls these functions [33]. The small and large intestines exert comparatively independent neural control; the stomach, however, is considerably dependent on extrinsic neural inputs, particularly from the parasympathetic and sympathetic pathways connected to nuclei located in the caudal brainstem [33,34]. In line with this, relevant GRV was observed in patients with an infratentorial lesion significantly more often in our data. Recently, Rebollo et al. identified delayed connectivity between the brain and the slow electrical rhythm generated in the stomach using gastric-BOLD coupling, indicating a functional brain–gut link [35]. Within the brain, different nodes of this ‘gastric network’ were coupled to the gastric rhythm with different phase delays, indicating a temporal sequence of activations within this network—which, in principle, is similar to the central control of the swallowing network [36]. Interestingly, the gastric network partly comprises regions (‘nodes’) that are similarly found to be activated during swallowing, e.g., the primary and secondary somatosensory cortex and the supplementary motor area, as well as the insula [37,38,39]. Thus, the close clinical relation of both functions, in the present study may have been due to lesions that affected swallowing as well as the gastric network.



Our second main finding was that prolonged MV was a significant predictor of impaired gastric emptying, which was in line with previous findings [40]. There are indications that positive pressure mechanical ventilation leads to splanchnic vasoconstriction and gut-hypoperfusion, which is linked with increased plasma catecholamines and proinflammatory cytokine levels, both of which are related to delayed gastric emptying [41]. Furthermore, alterations in hormone levels in the critically ill have an impact on GI motility. Lowered ghrelin levels, as well as increased levels of cholecystokinin and peptide YY, were found in the critically ill and are linked with slower gastric emptying [42,43]. Sedatives such as Propofol and the use of opioids to provide sufficient analgesia during mechanical ventilation were shown to be associated with delayed gastric emptying, as well as the use of catecholamines/vasopressors [3,40,43]. Interestingly, swallowing function has also been shown to be worse in patients with prolonged mechanical ventilation and longer ICU treatment, as well as following the use of sedatives [44], supporting the hypothesis that—at least partly—the underlying mechanisms that cause impaired swallowing function and slowed gastric motility may be similar.



The third main finding was that patients suffering from intracranial hemorrhage seem to be at a particularly high risk of slowed gastric emptying. It was previously shown that intracranial hemorrhage is a risk factor for inferior swallowing function compared to ischemic stroke in patients with and without tracheostomy [45,46]. It was proposed that besides the specific localization [47] and volume of the intracranial hemorrhage [48], this may at least partly be attributed to secondary consequences of the hemorrhage, e.g., vasospasms [49], cisternal and interventricular blood or hydrocephalus [48]. There is more evidence that increased intracranial pressure is related to delayed gastric emptying. Thus, in a study of 21 brain-injured patients requiring sedation, MV and intracranial pressure monitoring for ≥24 h, increased intracranial pressure (>20 mmHg) was associated with reduced gastric emptying, as measured by the paracetamol absorption technique, possibly due to a decreased parasympathetic tonus [18]. In a study by Kao et al., 80% of head-injury patients exhibited abnormal gastric emptying halfway through liquid meals compared to healthy age-matched control subjects [20]. Using electrogastrography, it was further shown that brain trauma or coma cause gastric dysrhythmias and intolerance to feeding, supporting the hypothesis of an altered functional brain–gut link that causes delayed gastric emptying in patients with acquired brain injury [21].



As our fourth and fifth main findings, younger age and male gender were demonstrated to be related to delayed gastric emptying. Findings on the effects of ageing in the context of gastric motor function are inconsistent. Studies in healthy as well as critically ill patients found indications of declining gastric motor function with increasing age [43,50], whereas others identified a trend towards increased gastric emptying depending on increasing age in healthy adults [51]. In the neuro-ICU setting, as mentioned above, the influence of the intensive care treatment as well as the underlying condition causing the need for treatment may have caused the differing findings in the recent study. This can similarly be assumed for the gender differences. In general, gastric motility seems to be slower in healthy women than in healthy men [52] but there are indications that gastric motility may be less gender-specific depending on the consistency of administered boluses [53]. For a better understanding, the role of age as well as gender in the intensive care setting needs be investigated more closely.



The clinical relevance of GRV is still a matter of discussion. Generally, the intermittent measurement of GRV is a widely used practice to evaluate impaired gastric motility and feeding intolerance [4]. Several studies, including a meta-analysis, indicated that not monitoring GRV was not inferior to routine GRV measurement with regard to ICU-related infections, LOS in the ICU, length of MV and mortality. Furthermore, not monitoring GRV even improved the delivery of enteral nutrition [54,55,56]. These data were mainly derived from mixed cohorts. In stroke patients, who often suffer from dysphagia and impaired protective reflexes, Chen et al. observed that aspiration occurred significantly less often if GRV was monitored and the infusion rate of the EN was adjusted accordingly [57]. In our cohort of critically ill neurologic patients, relevant amounts of GRV were associated with pneumonia and sepsis. Pneumonia in the context of delayed gastric emptying in the critically ill is thought to be caused by aspiration due to gastro-esophageal reflux, which itself is a consequence of reduced esophageal sphincter tonus and increased residual volume in the stomach [4]. Dysphagia is another risk factor for pneumonia, notably as a result of aspiration [2]. Since patients with relevant GRV presented with a worse swallowing function, both disorders may foster each other. In line with this, patients with GI dysmotility presented a worse FOIS score at discharge and were more likely to be discharged with a feeding tube. Moreover, during systemic inflammation, intestinal edema deriving from capillary leakage influences GI function and cytokine release during sepsis, impedes intestinal myocyte function and inhibits enteric neuromuscular transmission [58,59,60,61,62].



Certain limitations to our study should be considered. First, the retrospective design may have introduced a bias into our data, which possibly include imprecise documentation of the patients’ records. Second, all the patients were recruited on a single neurological ICU; hence, the transfer of findings to other environments and, in particular, to groups of patients with a different spectrum of diseases may be only be possible only to a limited extent. Third, bedside measures were previously shown to be imprecise in the identification of motility disorders [63]. While the intermittent measurement of GRV may be the most common practice through which gastric motility disorders are evaluated, indirect tests, such as the carbohydrate absorption (3-OMG), the radio-isotope breath (13CO2) or the aforementioned paracetamol absorption test, as well as gastric scintigraphy, evaluate gastric dysmotility with more precision, although they are not always applicable in the ICU setting [4]. Fourth, with regards to the impact of our findings, no long-term outcome assessment was available.




5. Conclusions


The findings in this study indicate an association between delayed gastric emptying and dysphagia severity in critically ill neurologic patients in the ICU. Beside the effects of intensive care treatment, there are indications that central lesions in the swallowing and gastric network both add to the deterioration of swallowing function as well as to the impairment of upper GI motility.







Author Contributions


P.M.: writing—original draft preparation, data curation, investigation K.K.: data curation, investigation; S.S.-K.: investigation, writing—original draft preparation, formal analysis; I.C.: data curation, writing—reviewing and editing; B.L.: visualization, validation, writing —reviewing and editing; M.O.: data curation, validation, writing—reviewing; T.W.: conceptualization, methodology, supervision; R.W.: methodology, writing—reviewing; R.D.: conceptualization, supervision, project administration, writing—reviewing. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Deutsche Forschungsgemeinschaft [grant number SU 922/1–1, WO1425/6–1, DZ 78/1–1].




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of the Ärztekammer Westfalen-Lippe and the Westfalian Wilhelms-University (2016-391-f-S; date: 12 August 2016).




Informed Consent Statement


Patient consent was waived due to the retrospective design of the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to hospital policy.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dodds, W.J.; Stewart, E.T.; Logemann, J.A. Physiology and radiology of the normal oral and pharyngeal phases of swallowing. AJR Am. J. Roentgenol. 1990, 154, 953–963. [Google Scholar] [CrossRef]

	



Zuercher, P.; Moret, C.S.; Dziewas, R.; Schefold, J.C. Dysphagia in the intensive care unit: Epidemiology, mechanisms, and clinical management. Crit. Care 2019, 23, 103. [Google Scholar] [CrossRef] [PubMed]

	



Deane, A.M.; Chapman, M.J.; Reintam Blaser, A.; McClave, S.A.; Emmanuel, A. Pathophysiology and Treatment of Gastrointestinal Motility Disorders in the Acutely Ill. Nutr. Clin. Pract. 2019, 34, 23–36. [Google Scholar] [CrossRef]

	



Ladopoulos, T.; Giannaki, M.; Alexopoulou, C.; Proklou, A.; Pediaditis, E.; Kondili, E. Gastrointestinal dysmotility in critically ill patients. Ann. Gastroenterol. 2018, 31, 273–281. [Google Scholar] [CrossRef]

	



Dziewas, R.; Baijens, L.; Schindler, A.; Verin, E.; Michou, E.; Clave, P. European Society for Swallowing Disorders FEES Accreditation Program for Neurogenic and Geriatric Oropharyngeal Dysphagia. Dysphagia 2017, 32, 725–733. [Google Scholar] [CrossRef]

	



Schröder, J.B.; Glahn, J.; Dziewas, R. ICU-related dysphagia. Epidemiology, pathophysiology, diagnostics and treatment. ICU Manag. 2015, 15, 108–111. [Google Scholar]

	



Schefold, J.C.; Berger, D.; Zurcher, P.; Lensch, M.; Perren, A.; Jakob, S.M.; Parviainen, I.; Takala, J. Dysphagia in Mechanically Ventilated ICU Patients (DYnAMICS): A Prospective Observational Trial. Crit. Care Med. 2017, 45, 2061–2069. [Google Scholar] [CrossRef] [PubMed]

	



Scheel, R.; Pisegna, J.M.; McNally, E.; Noordzij, J.P.; Langmore, S.E. Endoscopic Assessment of Swallowing after Prolonged Intubation in the ICU Setting. Ann. Otol. Rhinol. Laryngol. 2016, 125, 43–52. [Google Scholar] [CrossRef]

	



Blaser, A.R.; Starkopf, J.; Kirsimagi, U.; Deane, A.M. Definition, prevalence, and outcome of feeding intolerance in intensive care: A systematic review and meta-analysis. Acta Anaesthesiol. Scand. 2014, 58, 914–922. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, L.K.; Deane, A.M.; Jones, K.L.; Rayner, C.K.; Horowitz, M. Gastric emptying and glycaemia in health and diabetes mellitus. Nat. Rev. Endocrinol. 2015, 11, 112–128. [Google Scholar] [CrossRef] [PubMed]

	



Aziz, Q.; Thompson, D.G.; Ng, V.W.; Hamdy, S.; Sarkar, S.; Brammer, M.J.; Bullmore, E.T.; Hobson, A.; Tracey, I.; Gregory, L.; et al. Cortical processing of human somatic and visceral sensation. J. Neurosci. 2000, 20, 2657–2663. [Google Scholar] [CrossRef]

	



Dziewas, R.; Soros, P.; Ishii, R.; Chau, W.; Henningsen, H.; Ringelstein, E.B.; Knecht, S.; Pantev, C. Cortical processing of esophageal sensation is related to the representation of swallowing. Neuroreport 2005, 16, 439–443. [Google Scholar] [CrossRef] [PubMed]

	



Micklefield, G.H.; Jorgensen, E.; Blaeser, I.; Jorg, J.; Kobberling, J. Esophageal manometric studies in patients with an apoplectic stroke with/without oropharyngeal dysphagia. Dtsch. Med. Wochenschr. 1999, 124, 239–244. [Google Scholar] [CrossRef]

	



Micklefield, G.; Jorgensen, E.; Blaeser, I.; Jorg, J.; Kobberling, J. Motility disorders of the esophagus in patients with apoplectic infarct during the acute illness phase. Med. Klin. 1999, 94, 245–250. [Google Scholar] [CrossRef]

	



Satou, Y.; Oguro, H.; Murakami, Y.; Onoda, K.; Mitaki, S.; Hamada, C.; Mizuhara, R.; Yamaguchi, S. Gastroesophageal reflux during enteral feeding in stroke patients: A 24-hour esophageal pH-monitoring study. J. Stroke Cerebrovasc. Dis. 2013, 22, 185–189. [Google Scholar] [CrossRef]

	



Langdon, P.C.; Lee, A.H.; Binns, C.W. High incidence of respiratory infections in ‘nil by mouth’ tube-fed acute ischemic stroke patients. Neuroepidemiology 2009, 32, 107–113. [Google Scholar] [CrossRef] [PubMed]

	



Lucena, A.F.; Tiburcio, R.V.; Vasconcelos, G.C.; Ximenes, J.D.; Cristino Filho, G.; Graca, R.V. Influence of acute brain injuries on gut motility. Rev. Bras. Ter. Intensiva 2011, 23, 96–103. [Google Scholar] [CrossRef] [PubMed]

	



McArthur, C.J.; Gin, T.; McLaren, I.M.; Critchley, J.A.; Oh, T.E. Gastric emptying following brain injury: Effects of choice of sedation and intracranial pressure. Intensive Care Med. 1995, 21, 573–576. [Google Scholar] [CrossRef]

	



Bochicchio, G.V.; Bochicchio, K.; Nehman, S.; Casey, C.; Andrews, P.; Scalea, T.M. Tolerance and efficacy of enteral nutrition in traumatic brain-injured patients induced into barbiturate coma. JPEN J. Parenter. Enter. Nutr. 2006, 30, 503–506. [Google Scholar] [CrossRef]

	



Kao, C.H.; ChangLai, S.P.; Chieng, P.U.; Yen, T.C. Gastric emptying in head-injured patients. Am. J. Gastroenterol. 1998, 93, 1108–1112. [Google Scholar] [CrossRef] [PubMed]

	



Thor, P.J.; Goscinski, I.; Kolasinska-Kloch, W.; Madroszkiewicz, D.; Madroszkiewicz, E.; Furgala, A. Gastric myoelectric activity in patients with closed head brain injury. Med. Sci. Monit. 2003, 9, CR392–CR395. [Google Scholar] [PubMed]

	



Dickerson, R.N.; Mitchell, J.N.; Morgan, L.M.; Maish, G.O., 3rd; Croce, M.A.; Minard, G.; Brown, R.O. Disparate response to metoclopramide therapy for gastric feeding intolerance in trauma patients with and without traumatic brain injury. JPEN J. Parenter. Enter. Nutr. 2009, 33, 646–655. [Google Scholar] [CrossRef] [PubMed]

	



Van Swieten, J.C.; Koudstaal, P.J.; Visser, M.C.; Schouten, H.J.; van Gijn, J. Interobserver agreement for the assessment of handicap in stroke patients. Stroke 1988, 19, 604–607. [Google Scholar] [CrossRef]

	



Crary, M.A.; Mann, G.D.; Groher, M.E. Initial psychometric assessment of a functional oral intake scale for dysphagia in stroke patients. Arch. Phys. Med. Rehabil. 2005, 86, 1516–1520. [Google Scholar] [CrossRef]

	



Sessler, C.N.; Gosnell, M.S.; Grap, M.J.; Brophy, G.M.; O’Neal, P.V.; Keane, K.A.; Tesoro, E.P.; Elswick, R.K. The Richmond Agitation-Sedation Scale: Validity and reliability in adult intensive care unit patients. Am. J. Respir. Crit. Care Med. 2002, 166, 1338–1344. [Google Scholar] [CrossRef] [PubMed]

	



Knaus, W.A.; Draper, E.A.; Wagner, D.P.; Zimmerman, J.E. Apache II: A severity of disease classification system. Crit. Care Med. 1985, 13, 818–829. [Google Scholar] [CrossRef]

	



Mann, G.; Hankey, G.J.; Cameron, D. Swallowing disorders following acute stroke: Prevalence and diagnostic accuracy. Cerebrovasc. Dis. 2000, 10, 380–386. [Google Scholar] [CrossRef]

	



Bone, R.C.; Balk, R.A.; Cerra, F.B.; Dellinger, R.P.; Fein, A.M.; Knaus, W.A.; Schein, R.M.; Sibbald, W.J. Definitions for sepsis and organ failure and guidelines for the use of innovative therapies in sepsis. The ACCP/SCCM Consensus Conference Committee. American College of Chest Physicians/Society of Critical Care Medicine. Chest 1992, 101, 1644–1655. [Google Scholar] [CrossRef] [PubMed]

	



Warnecke, T.; Suntrup, S.; Teismann, I.K.; Hamacher, C.; Oelenberg, S.; Dziewas, R. Standardized endoscopic swallowing evaluation for tracheostomy decannulation in critically ill neurologic patients. Crit. Care Med. 2013, 41, 1728–1732. [Google Scholar] [CrossRef]

	



Warnecke, T.; Muhle, P.; Claus, I.; Schröder, J.B.; Labeit, B.; Lapa, S.; Suntrup-Krueger, S.; Dziewas, R. Inter-rater and test-retest Reliability of the “Standardized Endoscopic Swallowing Evaluation for Tracheostomy Decannulation in Critically Ill Neurologic Patients”. Neurol. Res. Pract. 2020, 2, 9. [Google Scholar] [CrossRef]

	



Montejo, J.C.; Minambres, E.; Bordeje, L.; Mesejo, A.; Acosta, J.; Heras, A.; Ferre, M.; Fernandez-Ortega, F.; Vaquerizo, C.I.; Manzanedo, R. Gastric residual volume during enteral nutrition in ICU patients: The REGANE study. Intensive Care Med. 2010, 36, 1386–1393. [Google Scholar] [CrossRef] [PubMed]

	



Reintam Blaser, A.; Starkopf, J.; Alhazzani, W.; Berger, M.M.; Casaer, M.P.; Deane, A.M.; Fruhwald, S.; Hiesmayr, M.; Ichai, C.; Jakob, S.M.; et al. Early enteral nutrition in critically ill patients: ESICM clinical practice guidelines. Intensive Care Med. 2017, 43, 380–398. [Google Scholar] [CrossRef] [PubMed]

	



Browning, K.N.; Travagli, R.A. Central nervous system control of gastrointestinal motility and secretion and modulation of gastrointestinal functions. Compr. Physiol. 2014, 4, 1339–1368. [Google Scholar] [CrossRef] [PubMed]

	



Deane, A.; Chapman, M.J.; Fraser, R.J.; Bryant, L.K.; Burgstad, C.; Nguyen, N.Q. Mechanisms underlying feed intolerance in the critically ill: Implications for treatment. World J. Gastroenterol. 2007, 13, 3909–3917. [Google Scholar] [CrossRef]

	



Rebollo, I.; Devauchelle, A.D.; Beranger, B.; Tallon-Baudry, C. Stomach-brain synchrony reveals a novel, delayed-connectivity resting-state network in humans. Elife 2018, 7, e33321. [Google Scholar] [CrossRef] [PubMed]

	



Teismann, I.K.; Dziewas, R.; Steinstraeter, O.; Pantev, C. Time-dependent hemispheric shift of the cortical control of volitional swallowing. Hum. Brain Mapp. 2009, 30, 92–100. [Google Scholar] [CrossRef] [PubMed]

	



Nachev, P.; Kennard, C.; Husain, M. Functional role of the supplementary and pre-supplementary motor areas. Nat. Rev. Neurosci. 2008, 9, 856–869. [Google Scholar] [CrossRef]

	



Hamdy, S.; Mikulis, D.J.; Crawley, A.; Xue, S.; Lau, H.; Henry, S.; Diamant, N.E. Cortical activation during human volitional swallowing: An event-related fMRI study. Am. J. Physiol. 1999, 277, G219–G225. [Google Scholar] [CrossRef]

	



Dziewas, R.; Soros, P.; Ishii, R.; Chau, W.; Henningsen, H.; Ringelstein, E.B.; Knecht, S.; Pantev, C. Neuroimaging evidence for cortical involvement in the preparation and in the act of swallowing. Neuroimage 2003, 20, 135–144. [Google Scholar] [CrossRef]

	



Rhoney, D.H.; Parker, D., Jr.; Formea, C.M.; Yap, C.; Coplin, W.M. Tolerability of bolus versus continuous gastric feeding in brain-injured patients. Neurol. Res. 2002, 24, 613–620. [Google Scholar] [CrossRef]

	



Mutlu, G.M.; Mutlu, E.A.; Factor, P. GI complications in patients receiving mechanical ventilation. Chest 2001, 119, 1222–1241. [Google Scholar] [CrossRef] [PubMed]

	



Luttikhold, J.; de Ruijter, F.M.; van Norren, K.; Diamant, M.; Witkamp, R.F.; van Leeuwen, P.A.; Vermeulen, M.A. Review article: The role of gastrointestinal hormones in the treatment of delayed gastric emptying in critically ill patients. Aliment. Pharmacol. Ther. 2013, 38, 573–583. [Google Scholar] [CrossRef]

	



Heyland, D.K.; Tougas, G.; King, D.; Cook, D.J. Impaired gastric emptying in mechanically ventilated, critically ill patients. Intensive Care Med. 1996, 22, 1339–1344. [Google Scholar] [CrossRef] [PubMed]

	



Macht, M.; Wimbish, T.; Bodine, C.; Moss, M. ICU-acquired swallowing disorders. Crit. Care Med. 2013, 41, 2396–2405. [Google Scholar] [CrossRef]

	



Catalino, M.P.; Lin, F.C.; Davis, N.; Anderson, K.; Olm-Shipman, C.; Dedrick Jordan, J. Early versus late tracheostomy after decompressive craniectomy for stroke. J. Intensive Care 2018, 6, 6. [Google Scholar] [CrossRef]

	



Suntrup, S.; Warnecke, T.; Kemmling, A.; Teismann, I.K.; Hamacher, C.; Oelenberg, S.; Dziewas, R. Dysphagia in patients with acute striatocapsular hemorrhage. J. Neurol. 2012, 259, 93–99. [Google Scholar] [CrossRef]

	



Keser, T.; Kofler, M.; Katzmayr, M.; Schiefecker, A.J.; Rass, V.; Ianosi, B.A.; Lindner, A.; Gaasch, M.; Beer, R.; Rhomberg, P.; et al. Risk Factors for Dysphagia and the Impact on Outcome after Spontaneous Subarachnoid Hemorrhage. Neurocrit. Care 2019, 33, 132–139. [Google Scholar] [CrossRef]

	



Rhie, S.H.; Choi, J.W.; Jeon, S.J.; Kang, S.D.; Joo, M.C.; Kim, M.S. Characteristics of Patients with Aneurysmal Subarachnoid Hemorrhage and Risk Factors Related to Dysphagia. Ann. Rehabil. Med. 2016, 40, 1024–1032. [Google Scholar] [CrossRef]

	



Dunn, K.; Rumbach, A. Incidence and Risk Factors for Dysphagia following Non-traumatic Subarachnoid Hemorrhage: A Retrospective Cohort Study. Dysphagia 2019, 34, 229–239. [Google Scholar] [CrossRef] [PubMed]

	



Horowitz, M.; Maddern, G.J.; Chatterton, B.E.; Collins, P.J.; Harding, P.E.; Shearman, D.J. Changes in gastric emptying rates with age. Clin. Sci. (Lond) 1984, 67, 213–218. [Google Scholar] [CrossRef] [PubMed]

	



Saad, R.J.; Semler, J.R.; Wilding, G.E.; Chey, W.D. The Effect of Age on Regional and Whole Gut Transit Times in Healthy Adults. Gastroenterology 2010, 138, 127. [Google Scholar] [CrossRef]

	



Mori, H.; Suzuki, H.; Matsuzaki, J.; Taniguchi, K.; Shimizu, T.; Yamane, T.; Masaoka, T.; Kanai, T. Gender Difference of Gastric Emptying in Healthy Volunteers and Patients with Functional Dyspepsia. Digestion 2017, 95, 72–78. [Google Scholar] [CrossRef] [PubMed]

	



Bennink, R.; Peeters, M.; Van den Maegdenbergh, V.; Geypens, B.; Rutgeerts, P.; De Roo, M.; Mortelmans, L. Comparison of total and compartmental gastric emptying and antral motility between healthy men and women. Eur. J. Nucl. Med. 1998, 25, 1293–1299. [Google Scholar] [CrossRef]

	



Reignier, J.; Mercier, E.; Le Gouge, A.; Boulain, T.; Desachy, A.; Bellec, F.; Clavel, M.; Frat, J.P.; Plantefeve, G.; Quenot, J.P.; et al. Effect of not monitoring residual gastric volume on risk of ventilator-associated pneumonia in adults receiving mechanical ventilation and early enteral feeding: A randomized controlled trial. JAMA 2013, 309, 249–256. [Google Scholar] [CrossRef]

	



Wang, Z.; Ding, W.; Fang, Q.; Zhang, L.; Liu, X.; Tang, Z. Effects of not monitoring gastric residual volume in intensive care patients: A meta-analysis. Int. J. Nurs. Stud. 2019, 91, 86–93. [Google Scholar] [CrossRef] [PubMed]

	



Poulard, F.; Dimet, J.; Martin-Lefevre, L.; Bontemps, F.; Fiancette, M.; Clementi, E.; Lebert, C.; Renard, B.; Reignier, J. Impact of not measuring residual gastric volume in mechanically ventilated patients receiving early enteral feeding: A prospective before-after study. JPEN J. Parenter. Enteral. Nutr. 2010, 34, 125–130. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Xian, W.; Cheng, S.; Zhou, C.; Zhou, H.; Feng, J.; Liu, L.; Chen, L. Risk of regurgitation and aspiration in patients infused with different volumes of enteral nutrition. Asia Pac. J. Clin. Nutr. 2015, 24, 212–218. [Google Scholar] [CrossRef]

	



Ohno, T.; Mochiki, E.; Kuwano, H. The roles of motilin and ghrelin in gastrointestinal motility. Int. J. Pept. 2010, 2010. [Google Scholar] [CrossRef]

	



Nguyen, N.Q.; Fraser, R.J.; Bryant, L.K.; Chapman, M.J.; Wishart, J.; Holloway, R.H.; Butler, R.; Horowitz, M. The relationship between gastric emptying, plasma cholecystokinin, and peptide YY in critically ill patients. Crit. Care 2007, 11, R132. [Google Scholar] [CrossRef] [PubMed]

	



Crona, D.; MacLaren, R. Gastrointestinal hormone concentrations associated with gastric feeding in critically ill patients. JPEN J. Parenter. Enteral. Nutr. 2012, 36, 189–196. [Google Scholar] [CrossRef] [PubMed]

	



Camilleri, M.; Papathanasopoulos, A.; Odunsi, S.T. Actions and therapeutic pathways of ghrelin for gastrointestinal disorders. Nat. Rev. Gastroenterol. Hepatol. 2009, 6, 343–352. [Google Scholar] [CrossRef] [PubMed]

	



Overhaus, M.; Togel, S.; Pezzone, M.A.; Bauer, A.J. Mechanisms of polymicrobial sepsis-induced ileus. Am. J. Physiol. Gastrointest. Liver Physiol. 2004, 287, G685–G694. [Google Scholar] [CrossRef] [PubMed]

	



Ukleja, A. Altered GI motility in critically Ill patients: Current understanding of pathophysiology, clinical impact, and diagnostic approach. Nutr. Clin. Pract. 2010, 25, 16–25. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 13 03879 g001 550] 





Figure 1. Recruitment flowchart; MV = mechanical ventilation; FEES = flexible endoscopic evaluation of swallowing; GRV = gastric residual volume; mL = milliliters. 
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Figure 2. Days of gastric residual volume ≥500 mL/d, according to sum score on the first flexible endoscopic evaluation of swallowing (FEES) within 72 h of the conclusion of mechanical ventilation. Score 0: n = 360; Score 1: n = 146; Score 2: n = 173; Score 3: n = 297; GRV = gastric residual volume; mL = milliliters. 
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Table 1. Epidemiological and clinical parameters and group test according to GRV.
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All

n = 976

	
Max. GRV < 500 mL/d

n = 634 (65.0%)

	
Max. GRV ≥ 500 mL/d

n = 342 (35.0%)

	
p-Value






	
Age, mean (SD)

	
64.79 (±16.06)

	
66.78 (±16.06)

	
61.08 (±15.41)

	
<0.001 †




	
Female/Male, n (%)

	
423 (43.3)/553 (56.7)

	
301 (47.5)/333 (52.5)

	
122 (35.7)/220 (64.3)

	
<0.001 ‡




	
Body mass index, mean (SD)

	
26.61 (±5.15)

	
26.41 (±4.88)

	
26.92 (±5.59)

	
0.116 †




	
Ischemic stroke, n (%)

	
546 (55.9)

	
355 (60.0)

	
191 (55.8)

	
0.932 ‡




	
Hemorrhagic stroke, n (%)

	
155 (15.9)

	
85 (13.4)

	
70 (20.5)

	
0.004 ‡




	
Lesion location strokes




	
Supratentorial, n (%)

	
569 (58.3)

	
367 (57.9)

	
202 (59.1)

	
0.722 ‡




	
Infratentorial, n (%)

	
132 (13.5)

	
73 (11.5)

	
59 (17.3)

	
0.014 ‡




	
Meningitis/Encephalitis, n (%)

	
76 (7.8)

	
55 (8.7)

	
21 (6.1)

	
0.159 ‡




	
GBS/AMAN, n (%)

	
24 (2.5)

	
15 (2.4)

	
9 (2.6)

	
0.798 ‡




	
Myopathy/Myasthenia/Myositis, n (%)

	
13 (1.3)

	
9 (1.4)

	
4 (1.2)

	
1.000 §




	
Epilepsy, n (%)

	
82 (8.4)

	
58 (9.1)

	
24 (7.0)

	
0.252 ‡




	
Amyotrophic lateral sclerosis, n (%)

	
11 (1.1)

	
9 (1.4)

	
2 (0.6)

	
0.346 §




	
Others, n (%)

	
69 (7.1)

	
46 (7.3)

	
23 (6.7)

	
0.758 ‡




	
mRS on admission, mean [median]

	
4.57 [5 (4–5)]

	
4.59 [5 (4–5)]

	
4.54 [5 (4–5)]

	
0.135 †




	
APACHE II on admission, mean [median]

	
13.67 [13 (10–17)]

	
14.02 [14 (10–18)]

	
13.04 [13 (9–17)]

	
0.008 †




	
Mechanical ventilation (h), mean (SD)

	
334.05 (±355.18)

	
264.88(±314.32)

	
462.28 (±389.77)

	
<0.001 †




	
LOS ICU (d), mean (SD)

	
27.94 (±20.62)

	
23.71 (±19.33)

	
35.76 (±20.67)

	
<0.001 †




	
FEES sum score after end of MV, mean [median]

	
1.42 [1 (0–3)]

	
1.55 [2 (0–3)]

	
1.17 [1 (0–2)]

	
<0.001 †




	
Aspiration/pooling, n (%)

	
463 (47.4)

	
269 (42.4)

	
194 (56.7)

	
<0.001 ‡




	
Swallowing frequency <2x/2 min, n (%)

	
457 (46.8)

	
268 (42.3)

	
189 (55.3)

	
<0.001 ‡




	
Failing sensory testing, n (%)

	
625 (64.0)

	
381 (60.1)

	
244 (71.3)

	
<0.001 ‡




	
Antiinfective treatment (d), mean (SD)

	
19.71 (±13.73)

	
17.40 (±13.34)

	
23.99 (±14.26)

	
<0.001 †




	
Pneumonia, n (%)

	
691 (70.8)

	
434 (68.5)

	
257 (75.1)

	
0.028 ‡




	
Sepsis, n (%)

	
78 (8.0)

	
39 (6.2)

	
39 (11.41)

	
0.004 ‡




	
Diabetes mellitus, n (%)

	
226 (23.2)

	
154 (24.3)

	
72 (21.1)

	
0.253 ‡




	
Medication due to high GRV, n (%)

	
465 (47.8)

	
203 (32.0)

	
334 (97.7)

	
<0.001 ‡




	
NGT/PEG on discharge, n (%)

	
533 (58.7)

	
318 (54.1)

	
215 (67.2)

	
<0.001 ‡




	
FOIS at discharge, mean [median]

	
3.25 [3 (1–5)]

	
3.49 [3 (1–6)]

	
2.83 [2 (1–5)]

	
<0.001 †




	
Deceased on ICU, n (%)

	
59 (6.0)

	
38 (6.0)

	
21 (6.1)

	
0.927 ‡




	
mRS at discharge, mean [median]

	
4.33 [5 (4–5)]

	
4.29 [5 (4–5)]

	
4.41 [5 (4–5)]

	
0.168 †








SD = standard deviation; h = hours; d = days; LOS = length of stay; ICU = intensive care unit; GRV = gastric residual volume; GBS = Guillain-Barré syndrome; AMAN = acute motor axonal neuropathy; mRS = modified Rankin Scale; FEES = flexible endoscopic evaluation of swallowing; EN = enteral nutrition; NGT = nasogastric tube, FOIS = Functional Oral Intake Scale; † = Mann–Whitney U-test; ‡ = chi2-test; § = Fisher-exact test.
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Table 2. Multivariate binary logistic regression analysis; outcome variable: GRV ≥ 500 mL/d on at least one day.
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	Regression Coefficient
	Adjusted Odds Ratio [95% CI]
	p-Value





	Age
	−0.019
	0.981 [0.971–0.991]
	<0.001



	Male gender (cat.)
	0.351
	1.421 [1.061–1.903]
	0.018



	Hemorrhagic stroke (cat.)
	0.394
	1.483 [1.015–2.166]
	0.042



	Infratentorial lesion location (stroke) (cat.)
	0.491
	1.634 [1.083–2.465]
	0.019



	Mechanical ventilation (hours)
	0.001
	1.001 [1.001–1.002]
	0.004



	LOS on the ICU (days)
	0.012
	1.102 [0.996–1.028]
	0.146



	FEES sum score initial FEES after end of weaning (cat.)
	−0.155
	0.857 [0.762–0.963]
	0.010



	APACHE II
	−0.025
	0.975 [0.948–1.002]
	0.073



	Days of antiinfective treatment
	0.004
	0.996 [0.978–1.015]
	0.688



	Sepsis (cat.)
	0.322
	1.380 [0.820–2.324]
	0.226







cat = categorical; LOS = length of stay; ICU = Intensive Care Unit.
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