Postoperative delirium associated with metabolic alterations following hemi-arthroplasty in older patients
Abstract
Background: Postoperative delirium (POD) is a common complication in older patients, though a possible link between metabolic changes and POD development has yet to be investigated.
Methods: Older patients with hip fracture who underwent hemi-arthroplasty were recruited, and delirious states were assessed for three days after surgery using the confusion Assessment Method-Chinese Revision. Simultaneously, fasting blood samples were collected on the morning of surgery and on the first postoperative day. Ultimately, 244 older patients who met the inclusion and exclusion criteria were assessed. Blood samples from 60 patients with POD and 60 matched controls were analysed via metabolomics platforms.
Results: Sixty patients (24.6%) developed POD. Principal component analysis score plot and cross validated score plots from orthogonal partial least squares-discriminant analysis were implemented to visualize the differences in metabolites between the two groups before and after surgery (p<0.05). Our data indicate that levels of ω3 and ω6 fatty acids were lower in the POD group than in the NPOD (non-POD) group both before and after surgery, tricarboxylic cycle intermediate levels were lower in the POD group than in the NPOD group but glycolysis products were higher in the POD group than in the NPOD group after surgery. Furthermore, the branched-chain amino acid (BCAA)/aromatic amino acid (AAA) ratio was lower in the POD group than in the NPOD group after surgery.
Conclusions: Metabolic abnormalities, including deficiencies in ω3 and ω6 fatty acids, perturbations in tricarboxylic cycle and oxidative stress, and metabolic imbalances in BCAA and AAA, might contribute to POD development.
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Introduction
The incidence of postoperative delirium (POD) in older patients with hip fracture ranges from 20-50% [1]. POD usually occurs in the early postoperative period and is characterized by acute and fluctuating neurological impairments, including disturbances in attention, memory, orientation, perception, and psychomotor behaviour [2]. This condition contributes to poor functional recovery and cognitive impairment, leading to decreased quality of life and extended hospitalization [3].
Hypotheses for delirium development, including neuroinflammatory, neuronal ageing, oxidative stress, neurotransmitter imbalances and neuroendocrine abnormalities, have been proposed [3]. In addition, surgical stress might cause activation of the hypothalamic-pituitary-adrenal axis (HPA) [3]. Patients undergoing hip surgery often experience substantial blood loss (400-1000 mL) [4], and brain hypoxia due to such hypoperfusion causes oxygen consumption and supply imbalance and possibly brain damage. 
Elevated baseline levels of IL-6 (Interleukin-6), TNFα (Tumor necrosis factor α) and IL-1β (Interleukin-1β) have been detected in healthy older humans [5], resulting in constitutive activation of the parenchymal microglia in the brain, accompanied by increased levels of ROS (reactive oxygen species), NOS (Nitric oxide synthase) and GLU (Glutamate) [6]. In addition, the ageing process is accompanied by the loss of Ach-producing cells as well as diminished oxidative metabolism in the brain, which inhibits Ach synthesis [3]. Therefore, surgery-induced inflammation and hypoxia are potent “second hits” that amplify these baseline conditions in older patients.
Metabolomics can be employed to study chemical fingerprints of cellular processes and allow dynamic monitoring of the biochemical alterations induced by various environmental and pathological stimuli [7]. Delirium has often been defined as a neurobehavioral disruption caused by a derangement of functional systemic metabolism [2, 4, 8]. Therefore, studying the metabolism of patients with delirium using metabolomics should provide valuable information on both disease mechanisms and patient stratification.
A previous study suggested that preoperative serum metabolites are associated with POD in older hip-fracture patients [9]. Nevertheless, the use of postoperative specimens may corroborate some of the findings obtained from preoperative specimens and also be potentially more informative with regard to delirium pathophysiology. Accordingly, we carried out this new study and collected matched pre- and postoperative samples from patients with or without POD. This study design allowed us to investigate the following: (1) surgery-induced metabolic changes via comparison of pre- and postoperative samples; (2) comparison of POD-associated metabolites of postoperative samples from POD patients with those from non-POD patients; and (3) metabolites that have predictive ability for patient stratification (e.g., high vs. low risk of POD).

Methods
Patients and Setting
As the flow chart (Supplementary Figure 1) shown, 566 patients with hip fracture were originally assessed for eligibility before surgery, and a total of 244 patients who met our criteria were assessed from Dec 2016 to July 2017. The inclusion criteria were patients between 65 and 80 years of age with an American Society of Anesthesiologists (ASA) physical status of I-III. The following exclusion criteria were applied: a Mini-Mental State Examination (MMSE) score of < 24 or dementia due to various aetiologies; history of neurological or mental illness; current use of tranquilizers or antidepressants; history of endocrine or metabolic disorder; recent use of glucocorticoids or other hormones; anaesthesia/surgery duration of > 3 h; secondary surgery or history of severe infectious complications (the presence of more than two systemic inflammatory response syndrome (SIRS) criteria as a marker of inflammation (ACCP/SCCM, 1992) [10]; unwillingness to participate in the study or the presence of a language barrier; severe hearing or visual impairment; illiteracy; and alcohol or drug addiction. The study was approved by XXXXXX and was registered (XXXXXX). Written informed consent was obtained from all participants prior to the study.

Dietary Management
After recruitment, all patients were placed on a bland diet and began fasting at 22:00 on the night before surgery. Patients were assigned a semi-liquid diet 6 h after surgery, after which a bland normal diet was implemented.

Anaesthesia and Surgical Management
All patients underwent hemi-arthroplasty surgery under the same type of general anaesthesia. None of the patients received premedication. Systolic blood pressure (SBP), diastolic blood pressure (DBP), pulse oxygen saturation (SPO2), electrocardiogram (ECG), the bispectral index (BIS) and end-tidal CO2 (ETCO2) were continuously monitored throughout anaesthesia/surgery. ETCO2 was maintained at 30-40 mmHg, and the depth of anaesthesia was adjusted to maintain the BIS within the range of 40-60. Intraoperative blood pressure (BP) and heart rate (HR) fluctuations were maintained within ± 30% of the baseline value. These patients were transferred to our Geriatric ICU and received the same treatments after surgery.

Blood Sample Collection
Fasting venous blood samples were collected at approximately 07:00 on the day of surgery and on the first postoperative day. The serum was then soon separated and stored at -80°C (SANYO, Japan) until the metabolomics analysis. Pooled quality control (QC) samples were prepared by combining 20 μL of each serum sample.

Postoperative Delirium Assessment
To screen the patients’ preoperative cognitive function, the MMSE score was assessed one day before surgery and delirium was also assessed preoperatively by an attending physician. The delirium assessment was performed through the Confusion Assessment Method - Chinese Revision, which was derived from the Confusion Assessment Method (CAM) [11]. The diagnostic four-item algorithm for delirium requires the presence of (a) an acute onset and a fluctuating course, (b) inattention, and either (c) disorganized thinking or (d) an altered level of consciousness [12].
The same attending anaesthesiologist assessed the patient’s delirium status twice daily (08:00 and 20:00) during the first three postoperative days. 

Serum Sample Preparation, GC-TOF-MS/UPLC-QTOF-MS Analysis and Identification of Metabolic Profiles
Serum samples were pretreated and analysed by gas chromatography time-of-flight mass spectrometry (GC-TOF-MS) and ultra-performance liquid chromatography quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS) (see Supplementary material for the metabolomics protocol).

Statistical Analyses
Principal component analysis score plot and cross validated score plots from orthogonal partial least squares-discriminant analysis were implemented to visualize the differences in metabolites between the two groups before and after surgery. Data were statistically analysed using SPSS (SPSS, Chicago, IL, USA). If the assumptions of normality were met, then comparisons between the different study groups were performed using the independent samples t-test; otherwise, the Mann-Whitney-Wilcoxon test was used. The Kolmogorov−Smirnov (K−S) test was applied for data with a non-normal distribution. The chi-square test or Fisher’s exact test was utilized to compare qualitative data, and p < 0.05 was considered to be statistically significant.

Results
Comparison of the General Characteristics of the POD and NPOD (non-POD) Groups
A total of 244 patients met our criteria and were assessed (Supplementary Figure 1). Sixty patients were diagnosed with POD and comprised the POD group. Another 60 age-, sex- and body mass index-matched patients without POD were selected to comprise the NPOD group. The incidence of POD in older patients with hip fracture after hemi-arthroplasty was 24.6% (60/244). As shown in Table 1, no significant differences in age, sex, body mass index (BMI), education level, ASA grade, preoperative MMSE score, preoperative Charlson Comorbidity Index or other general characteristics were observed between the two groups (p > 0.05).

Overall Differences between the Metabolic Profiles of the POD and NPOD Groups before and after Hemi-arthroplasty
Orthogonal partial least squares discriminant analysis (OPLS-DA) models for classifying the POD and NPOD groups at pre- or postsurgical time points were found to be significant (Figure 1). An AUC (area under curve) of 0.77 was observed in the ROC analysis based on cross-validated scores for the OPLS-DA model of POD and NPOD groups presurgery. A total of 18 and 23 metabolites were differentially expressed between the POD and NPOD groups before and after surgery, respectively (Supplementary Tables 1 and 2). In addition, 30 metabolites for the POD group and 32 metabolites for the NPOD group were observed to differentiate pre- and postsurgery (Supplementary Tables 3 and 4).

Changes in Polyunsaturated and Saturated Free Fatty Acid Concentrations between the POD and NPOD Groups before and after Hemi-arthroplasty
As shown in Figure 2A, the levels of both ω3 and ω6 polyunsaturated acids (PUFAs) were significantly decreased in the POD group after surgery compared to those in the NPOD group. The levels of some PUFAs, notably cis-8,11,14-eicosatetraenoic acid (ETA), arachidonic acid (AA), hexadecatrienoic acid, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), were decreased before surgery and even further reduced after surgery; therefore, these PUFAs may serve as biomarkers of the risk of delirium. In addition, levels of linoleic acid (unsaturated), linolenic acid (unsaturated) and octadecanoic acid (saturated) were not decreased preoperatively but were postoperatively (Supplementary Tables 1 and 2). Therefore, these may be biomarkers of the end-product of POD development.

Perturbations in the Tricarboxylic Acid Cycle and Oxidative Stress between Patients in the NPOD and POD Groups
As shown in Supplementary Tables 1 and 2, prior to hemi-arthroplasty, citrate levels in the POD group were the same as those in the NPOD group, but these levels in the former were lower than those in latter after surgery. This finding was accompanied by an increase in mannose levels in the POD group before and after hemi-arthroplasty. In addition, levels of fructose were increased in the POD group before surgery but not in the POD group after surgery. In contrast, the levels of ribose in the POD group were not increased before surgery, but they were increased after surgery. In addition, hemi-arthroplasty resulted in a decrease in citric acid in both groups (Figure 2B). Therefore, such an increase in mannose is a potential biomarker for the risk of delirium, and a decrease in citric acid and increase in ribose may constitute the end-product of the development of POD. Although taurine levels in the POD group were the same as those in the NPOD group before surgery, these levels in the POD group were lower than those in the NPOD group after surgery (Figure 2A); surgery contributed to a decrease in taurine in both groups (Figure 2B). Furthermore, tocopherol (vitamin E) levels in the POD group were lower than those in the NPOD group before and after surgery (Supplementary Tables 1 and 2), and surgery caused an increase in tocopherol in both groups (Supplementary Tables 3 and 4). Thus, a decrease in taurine may be the end-product of POD development, and a decrease in tocopherol (vitamin E) levels in the POD group (compared with the NPOD group) is a potential biomarker of the risk of delirium.

Between-group Differences in Amino Acid Levels and Metabolism in the NPOD and POD Groups
Disorders in aromatic amino acid (AAA) and branched-chain amino acid (BCAA) metabolism (Figure 2A) were inferred from our amino acid data. Overall, a decrease in the BCAA/AAA ratio may be associated with POD occurrence.

Discussion
Our data strongly suggest that metabolism alterations before and/or after surgery may be associated with POD. Intergroup comparisons using the KEGG (Kyoto Encyclopedia of Genes and Genomes) database showed that multiple metabolic pathways were altered in the POD group during the perioperative period, including deficiencies in ω3 and ω6 fatty acids, energy metabolism and oxidative stress, interactions between hypoxia and mitochondrial dysfunction, and disorders in AAA and BCAA metabolism (Supplementary Tables 1 and 2, Figure 2A). Moreover,  intragroup comparisons indicated that surgery itself may affect metabolic profiles in these older patients, such as decreases in some unsaturated fatty acids (cis-11,14-eicosadienoic acid, hexadecatrienoic acid (7Z, 10Z, 13Z-C16:3), aggravation of oxidative stress (decreases in citric acid, taurine, homocysteine), and imbalances in AAA and BCAA metabolism, which may promote the development of delirium after surgery (Supplementary Table 3 and 4, Figure 2B).
Disturbances in fatty acid (particularly unsaturated fatty acids, ω3 and ω6 PUFAs) metabolism might be the primary contributors to POD development within the context of metabolomics. PUFAs are required for the myelinating activity of oligodendrocytes and myelin maintenance; ω3 PUFAs are essential for neurogenesis, synaptogenesis and neuroplasticity, but they are not synthesized in the human body [13, 14]. In particular, eicosapentaenoic acid (EPA), α-linolenic acid (ALA) and docosahexaenoic acid (DHA) of the PUFA family mainly aggregate in the cerebrum [14], and long-chain ω3 PUFAs might reduce the risk of progression to a psychotic disorder [15]. Moreover, a high dietary intake of ω3 PUFAs has been related to a low plasma β-amyloid 42 (Aβ42) level, which is associated with a decreased risk of developing Alzheimer’s disease (AD) as well as cognitive decline [16]. Decreased plasma AA and DHA levels are actually associated with increased levels of the pro-inflammatory cytokines IL-6 and IL-1 and a decrease in the level of the anti-inflammatory cytokine transforming growth factor beta (TGF-β) [17]. AA and its metabolites have also been suggested to be involved in the production of Aβ, which is arguably one of pathogeneses of AD [18]. Thus, the decreases in serum ω3 and ω6 PUFA levels in the POD group during the perioperative period indicate the existence of deficiencies in neuroprotective elements against responses to the excessive stress and inflammation induced by surgery. Additionally, a study from Europe suggested saturated fatty acids to be inversely associated with the risk of AD [19]. Therefore, a decrease in octadecanoic acid after surgery may be associated with neuropsychological abnormalities.
Increasingly hypoxia has been suggested to promote the pathogenesis of AD by accelerating tau hyperphosphorylation, boosting Aβ accumulation, impairing the blood-brain barrier (BBB), and promoting neuronal degeneration [20]. In our study, we found that levels of citric acid (intermediate products of the TCA cycle) were significantly reduced in the POD group compared with the NPOD group after surgery. In contrast, levels of products of glycolysis (the main pathway of carbohydrate metabolism), such as mannose, were higher in the POD group compared with the NPOD group before and after surgery. Thus, it could be postulated that an imbalance in cellular oxygen metabolism occurred due to microcirculatory dysfunction in the POD patients. Extended hypoxia ultimately exacerbates hypoxic-induced consequences, including stimulation of mitochondrial complex III to generate large amounts of ROS [21]. In addition, the decreased formation of 5-oxoproline from glutathione (GSH) within the POD patients indirectly indicated GSH depletion, reflecting hypoxia-induced oxidative stress (Supplementary Table 3). Furthermore, it has been shown that nucleic acid metabolic disturbances may be involved in the development of AD [22]. As found in our study, levels of several metabolites (arginine and uric acid) involved in purine metabolism were altered in the serum samples from patients who developed POD, partially reflecting extensive oxidative damage in the cell nucleus and mitochondrial DNA. Additionally, taurine may cross the blood brain barrier and act as an inhibitory neuromodulatory amino acid in the central nervous system; it also functions as a neuroprotective agent and has a role in neural development and neurogenesis [23]. Vitamin E is an important antioxidant that primarily protects cells from damage associated with oxidative stress caused by free radicals, and high plasma vitamin E levels have been repeatedly associated with better cognitive performance [24]. Therefore, the decreases in taurine and vitamin E in the POD group may have led to neurobehavioral and psychotic disorders.
In the POD group, some AAA metabolites, such as phenylalanine and tyrosine, were increased before or after (phenylalanine) hemi-arthroplasty. Similarly, some BCAAs, such as leucine, were only increased before hemi-arthroplasty. Disturbances in a wide variety of neurotransmitter systems that occur with increasing age may be the major pathological cause of POD [25], and hemi-arthroplasty and anaesthesia resulted in a decrease in tryptophan in the two groups (Supplementary Tables 3 and 4). Some AAA metabolites themselves, such as phenylalanine, tyrosine and tryptophan, act as neurotransmitters. The large neutral amino acid transporter 1 (LAT1) facilitates BCAA transfer from the circulatory system into the cerebrum through the BBB, and LAT1 also transports AAAs. As the transport capacity of LAT1 is maximal at physiological amino acid levels, transport of BCAAs competes with that of AAA. Consequently, an increase in blood BCAA levels indicates decreased transport of AAAs into the cerebrum. Tyrosine is the precursor for norepinephrine and dopamine, and tryptophan is the precursor for serotonin. Therefore, the generation of vital neurotransmitters may be disrupted by alterations in blood amino acid concentrations. Furthermore, disrupted production of important neurotransmitters, such as serotonin, affects various neurobehavioral functions, including consciousness and mood [26]. 

Conclusion
Using metabolomics analysis, multiple metabolic pathway alterations were observed in POD patients during the perioperative period, including deficiencies in ω3 and ω6 fatty acids, disruptions in energy metabolism and oxidative stress, and imbalances in AAA and BCAA metabolism. These metabolic abnormalities likely increase the “fragility” of the ageing brain, with less neuroprotective capacity. Consequently, all these abnormalities may at least in part contribute to POD development. 

Limitations and strengths
To reduce interferences of age span, diet and endocrine metabolic abnormalities on metabolomics, we included patients younger than 80 years on a unified diet from admission and excluded those with a history of an endocrine or metabolic disorder. Although the metabolic alterations described herein and the exact underlying mechanisms with regard to POD are far from clear and must be validated in future studies, strategies aiming to correct these metabolic disorders, such as supplementation of omega fatty acids, inhibition of oxidative stress and reduction of AAA production, would improve surgical long-term outcomes and may provide new insight into the development of preventive treatments for postoperative delirium.

Key points
· We employed the metabolomics platform to examine the metabolic alterations associated with postoperative delirium in elderly.
· [bookmark: _GoBack]Metabolic alterations include deficiencies of ω3 and ω6 fatty acids, abnormal oxygen, and amino acid metabolism.
· Metabolic alterations may diminish the brain’s inherent protective capacity and hence could contribute to the delirium development.
· Strategies aiming to correct these metabolic disorders may improve surgical long term outcome.
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Figure Legends

Figure 1. Score plots of the POD and NPOD groups before and after surgery and ROC curve analysis. Principal component analysis (PCA) score plots were constructed based on serum samples collected from patients in the POD and NPOD groups before (A, R2X=32.4%, Q2=0.24) and after (C, R2X=25.1%, Q2=0.16) surgery. Cross-validated score plots from orthogonal partial least squares-discriminant analysis (OPLS-DA) were implemented to visualize differences in metabolites between the POD and NPOD groups before (B, R2X=16.9%, R2Y=48.1%, Q2Y=0.17, CV-ANOVA p=0.0003) and after (D, R2X=22.3%, R2Y=37.7%, Q2Y=0.09, CV-ANOVA p=0.02) surgery. ROC curve analysis was based on cross-validated scores of the OPLS-DA model (the horizontal axis of plot B) (E) and the relative serum concentrations of mannose for all patients before surgery (F). POD = Postoperative delirium; NPOD = Non-POD.

Figure 2. Intergroup comparison or intragroup comparison before and after surgery. Altered metabolic pathways in the POD group before and after surgery (3A, POD VS NPOD group): After analysis using the KEGG database, intergroup comparison (Supplementary Tables 1 and 2) suggested that multiple metabolic pathways were altered in the POD group during the perioperative period, including deficiencies in ω3 and ω6 fatty acids, energy metabolism and oxidative stress, interactions between hypoxia and mitochondrial dysfunction, and disorders in AAA (aromatic amino acid) and BCAA (branched-chain amino acid) metabolism. Altered metabolic pathways within the POD or NPOD group before and after surgery (3B, Postoperative VS Preoperative). After analysis using the KEGG database, intragroup comparison (Supplementary Tables 3 and 4) suggested that surgery brought out that multiple metabolic pathways were altered within the POD or NPOD group during the perioperative period, including fatty acid metabolism, energy metabolism and oxidative stress, and disorders in AAA (aromatic amino acid) and BCAA (branched-chain amino acid) metabolism. POD = Postoperative delirium; NPOD = Non-POD; KEGG = Kyoto Encyclopedia of Genes and Genomes; TCA cycle = tricarboxylic acid cycle; Post VS Pre = Postoperative VS Preoperative.

Table 1. Demographic characteristics of the POD and NPOD groups.
	Characteristic
	POD Group (n = 60)
	NPOD Group (n = 60)
	p-value

	Age (years)
	72.3 ± 5.0
	71.5 ± 5.1
	0.387

	Female
	35
	32
	0.713

	BMI
	20.15 ± 3.11
	21.03 ± 3.08
	0.122

	Education (years)
	7.6 ± 2.7
	7.9 ± 2.8
	0.551

	ASA (I/II)
	25/35
	21/39
	0.573

	Preoperative MMSE scores
	27.23 ± 1.77
	27.71 ± 1.86
	0.150

	Preoperative Charlson Comorbidity Index
	1.8 ± 0.6
	1.7 ± 0.7
	0.403

	Operation duration (min)
	96 ± 35
	89 ± 36
	0.282

	Anaesthesia duration (min)
	117 ± 38
	110 ± 37
	0.309


Note: POD = Postoperative delirium; NPOD = Non-POD; BMI = Body Mass Index; ASA = The American Society of Anesthesiologists; MMSE = Mini-mental state examination.




Supplementary Figure Legend

Supplementary Figure 1. Flow chart of this matched case-control study. ASA = The American Society of Anesthesiologists; MMSE = Mini-mental state examination; POD = Postoperative delirium; NPOD = Non-POD.
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