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Abstract

:

Expert groups argue to raise the recommended daily allowance for protein in older adults from 0.8 to 1.2 g/kg/day to prevent undernutrition. However, protein is thought to increase satiety, possibly through effects on gut microbiota and central appetite regulation. If true, raising daily protein intake may work counterproductively. In a randomized controlled trial, we evaluated the effects of dietary advice aimed at increasing protein intake to 1.2 g/kg adjusted body weight/day (g/kg aBW/day) on appetite and gut microbiota in 90 community-dwelling older adults with habitual protein intake <1.0 g/kg aBW/day (Nintervention = 47, Ncontrol = 43). Food intake was determined by 24-h dietary recalls and gut microbiota by 16S rRNA sequencing. Functional magnetic resonance imaging (fMRI) scans were performed in a subgroup of 48 participants to evaluate central nervous system responses to food-related stimuli. Both groups had mean baseline protein intake of 0.8 ± 0.2 g/kg aBW/day. At 6 months’ follow-up this increased to 1.2 ± 0.2 g/kg aBW/day for the intervention group and 0.9 ± 0.2 g/kg aBW/day for the control group. Microbiota composition was not affected, nor were appetite or brain activity in response to food-related stimuli. Increasing protein intake in older adults to 1.2 g/kg aBW/day does not negatively impact the gut microbiota or suppress appetite.
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1. Introduction


Undernutrition is an important problem in community-dwelling older adults, and associated with higher risk of age-related disease and functional impairment. In Europe, the prevalence of undernutrition ranges from 7–16% in community-dwelling older adults to 18–33% in institutionalized older adults [1,2]. Sufficient protein intake in older adults is needed to maintain muscle mass and functionality, and to prevent undernutrition. Furthermore, ageing adults undergo various physiological changes, resulting in increased protein requirements [3,4]. That is why expert groups argue that the current recommended daily allowance (RDA) of protein for older adults should be raised from 0.8 g/kg/day [5] to 1.2 g/kg/day [3,6]. Currently, protein supplementation is already an effective and widely accepted strategy to treat (imminent) undernutrition in older adults [3,7]. However, protein is also considered the most satiating of macronutrients [8] and elevated protein intake has even been suggested as a means to lose weight for people with obesity [9]. Indeed, in the general population, increasing dietary protein leads to reduced energy intake [10]. However, specific effects in older adults are hitherto largely unknown [11]. If increasing dietary protein does lead to reduced appetite in older adults, increasing the RDA of protein for this population could work counterproductively in the battle against undernutrition, especially since poor appetite has been found to be the most important risk factor for undernutrition in older adults [12].



Protein intake may influence appetite in several ways. It is thought to delay gastric emptying [13] and alter appetite regulating (gut) hormones [8]. Furthermore, as measured with functional magnetic resonance imaging (fMRI) scans, increased protein intake in overweight or obese individuals has been associated with lower central nervous system (CNS) responses in brain reward and satiety areas when viewing food cues [14,15,16], suggesting a direct effect on central appetite regulation. Possibly, dietary protein exerts its satietogenic effect partly through the gut microbiota as well [17]. Through the fermentation of otherwise indigestible proteins and polysaccharides, the gut microbiota produce metabolites such as short-chain fatty acids (SCFA) with endocrine and paracrine properties, affecting appetite through the gut–brain axis [18]. In humans, increasing protein intake has tended to decrease SCFA-producing bacteria, including various Ruminococcus subspecies [19]. To our knowledge, the effects of increasing dietary protein intake to the suggested 1.2 g/kg/day on appetite, the CNS responses to food stimuli, and the gut microbial composition have not been investigated in older adults.



The aim of this study was to evaluate the effects of dietary advice aimed at increasing protein intake on appetite and gut microbial composition in a subgroup of 90 participants from the PROMISS trial. This concerns an ancillary study addressing the secondary outcomes of a large, 6-month, multicenter randomized controlled trial implementing dietary advice aimed at increasing protein intake to the suggested 1.2 g/kg adjusted body weight/day (kg aBW/day) in older adults with habitual low protein intake (<1.0 g/kg aBW/day) [20,21]. Appetite was assessed with a standardized questionnaire and visual analogue scores (VAS). The gut microbiota were assessed with 16S rRNA sequencing. Moreover, we performed fMRI scans measuring responses in reward and satiety areas of the brain to food cues. We hypothesized that protein will suppress appetite, modulate brain activity in response to food cues, and significantly alter the gut microbial composition, specifically decreasing SCFA-producing species.




2. Materials and Methods


This study concerns the ancillary outcome of the 6-month, multicenter, randomized controlled Prevention Of Malnutrition In Senior Subjects in the EU (PROMISS) trial, performed from 2018 to 2020 at two study sites: the University of Helsinki, Helsinki, Finland and the Vrije Universiteit Amsterdam, Amsterdam, the Netherlands [20]. PROMISS’s primary objective was to examine the (cost-)effectiveness of personalized dietary advice aimed at increasing protein intake to 1.2 g/kg aBW/day during a 6-month period on improving physical functioning in community-dwelling older adults with habitual protein intake <1.0 g/kg aBW/day [21]. The full protocol of the PROMISS trial has been published elsewhere [20]. In this current study, we evaluate the effect of the intervention on subjective appetite, CNS responses to food cues and the gut microbiota composition. Written informed consent was obtained from all participants prior to study enrollment. The PROMISS trial was registered at ClinicalTrials.gov (NCT03712306) and was approved by both the Institutional Review Boards of the Amsterdam UMC, location VUMC in Amsterdam, the Netherlands (approval code: 2018.399), and by the University of Helsinki (approval code: HUS/1530/2018). It was conducted in accordance with the Declaration of Helsinki (version 2013).



2.1. Participants


In the PROMISS trial, 276 participants were included. PROMISS baseline inclusion criteria were: age ≥ 65 years, community-dwelling, habitual protein intake < 1.0 g/kg aBW/day determined by three food-diary-assisted 24-h dietary recalls, body mass index (BMI) ≥ 18.5 kg/m2 and ≤32.0 kg/m2, and ability to walk 400 m within 15 min without the use of a walker and no rest > 60 s [21]. Exclusion criteria were: adherence to a vegan diet, severe food allergies, purposefully lost or gained >3 kg in past 3 months, diagnosed severe kidney disease, diagnosed type 1 diabetes or insulin dependent type 2 diabetes, diagnosed eating disorder, severe acute heart disease in the past 3 months, and poor cognitive status determined by a Mini-Mental State Examination score ≤ 20 [22]. Additional baseline exclusion criteria for participation in this microbiota ancillary study were: diagnosed inflammatory bowel disease, prolonged institutionalization (>4 weeks) in the past 3 months, and use of systemic antibiotics in the past 3 months. Furthermore, 48 willing participants from the microbiota ancillary study (27 in the diet intervention group, 21 in the control group) who did not have diagnosed mental disorders or contraindications for MRI scans, underwent functional MRI (fMRI) scans at baseline and 6-month follow-up to evaluate the CNS responses to food-related stimuli. Since random assignment to treatment arms was only performed for the overall PROMISS trial, it could not be ensured that stratification for sex and baseline habitual protein was fully implemented in this ancillary trial. Therefore, baseline characteristics were statistically tested to assess between-group differences.



As described previously [20], PROMISS trial participants were randomized into 3 groups: intervention group 1 with dietary advice aimed at increasing protein intake (n = 96), intervention group 2 with dietary advice aimed at increasing protein intake as well as consuming protein in close proximity to physical activity (n = 89), and a control group (n = 91). Participants were allocated in a 1:1:1 ratio, block size of 3, and stratified on sex and baseline habitual protein intake (<0.9 or 0.9–1.0 g/kg aBW/day) to ensure homogeneous distribution of participants across groups. Only participants from intervention group 1 (diet group) or the control group were eligible for this ancillary microbiota study. Initially, only participants from the Dutch PROMISS site were recruited. However, recruitment was later expanded to the Finnish study site as well, due to slow inclusion rate. Finnish participants were not eligible for the fMRI measurements due to logistic reasons. In total, 95 PROMISS participants were included in the ancillary microbiota study, of whom 5 dropped out. Fifty of these participants also had fMRI scans made, of whom 2 dropped out (Figure 1).




2.2. Intervention


All participants were invited to the clinic for assessments at baseline (prior to randomization), 3 month, and 6 month follow-up. The dietary advice was given orally and in writing. It was aimed at increasing protein intake to 1.2 g/kg aBW/day with at least one meal containing ≥35 g protein, while not increasing total daily energy intake. The advice was personalized based on habitual dietary characteristics, measured body weight, and personal preferences regarding food consumption and preparation [20]. Complete dietary adjustments and protein-enriched food sources in the Dutch arm of the PROMISS study are described elsewhere [23]. Here is established that most increased protein sources at 6-month follow-up consisted of animal-based products (11.0 g protein/day compared to 2.1 g protein/day of plant-based products) [23]. For those with a BMI of 18.5–22.0 kg/m2, or 25.0–32.0 kg/m2 (age ≤ 70), or a BMI of 27.0–32.0 kg/m2 (age > 70) actual body weights were adjusted to the nearest weight that would place an individual in the healthy BMI range. This prevents underestimation or overestimation of protein requirements due to increased protein needs or excessive adipose tissue. Prior to each visit, dietary intake was measured by 3 consecutive food-diary-assisted 24-h dietary recalls.




2.3. Self-Reported Appetite


Participants filled out the 4-item Simplified Nutritional Appetite Questionnaire (SNAQ) at baseline and 6-month follow-up, its score ranging from 4 (poor appetite) to 20 (good appetite) [24]. The last question was changed in translation from English to Dutch and Finnish from the number of meals eaten per day to the number of meals and/or snacks eaten per day. Answering categories were: less than 4 times a day; 4 times a day; 5 times a day or more than 5 times a day. Participants who took part in the fMRI measurements also filled out a VAS scale consisting of 6 appetite-related questions (score: 0–10) to report on hunger and satiety immediately after each fMRI scan.




2.4. Biosampling and 16S rRNA Sequencing


Participants were asked to collect a fecal sample at home at baseline and at the six month follow-up visit, in a sterile container (Sarstedt, Nümbrecht, Germany). Upon collection participants immediately stored the fecal sample in their −20 °C freezer until transfer to the research center in a provided icepack. Samples there were kept in a −20 °C freezer until transfer to central storage at −80 °C once a week. Time of sample production, storage at −20 °C, and storage at −80 °C was noted.



After all stool samples were collected, they were shipped to the Amsterdam University Medical Center, Amsterdam, the Netherlands on dry ice for DNA extraction. Total genomic DNA was isolated using an adapted repeated bead-beating method [25]. Extracted DNA was then shipped to the Wallenberg Laboratory (Sahlgrenska Academy at University of Gothenburg, Gothenburg, Sweden). There, the composition of fecal microbiota was profiled by sequencing the V4 region of the 16S rRNA gene on a MiSeq system (RTA version 1.17.28, bundled with MCS version 2.5; Illumina, San Diego, CA, USA) with 515F and 806R primers designed for dual indexing [26] and the V2 kit (2 × 250 bp paired-end reads; Illumina, San Diego, CA, USA). The 16S rRNA genes from each sample were amplified in volumes of 25 μL containing 1 × 5 PRIME HotMasterMix; 5 PRIME, Hotmaster Inc., Manchester, UK), 200 nM of each primer, 0.4 mg/mL bovine serum albumin (BSA), 5% dimethylsulfoxide, and 20 ng of genomic DNA. Polymerase Chain Reaction (PCR) was carried out under the following conditions: initial denaturation for 3 min at 94 °C; followed by 25 cycles of denaturation for 45 s at 94 °C; annealing for 60 s at 52 °C; elongation for 90 s at 72 °C; and a final elongation step for 10 min at 72 °C. PCR products were purified with the NucleoSpin Gel and PCR Clean-Up kit (Macherey-Nagel, Dueren, Germany), and quantified using the Quant-iT PicoGreen dsDNA kit (Invitrogen, Waltham, MA, USA). Purified PCR products were diluted to 10 ng/μL and pooled in equal amounts. The pooled amplicons were purified again using Ampure magnetic purification beads (Agencourt, Beverly, CA, USA) to remove short amplification products. Positive and negative DNA extraction controls, as well as positive PCR controls, were included in analysis. Amplicon reads were merged and processed using USEARCH [27]. Merged reads with expected error rates higher than 1 were filtered after which amplicon sequence variants (ASVs) were inferred using UNOISE [28]. The unfiltered reads were used to determine the ASV abundances. Taxonomy was assigned using the RDP classifier [29] and SILVA [30] 16S ribosomal database V132. ASV sequences were aligned using DECIPHER (2.18.1) and a phylogenetic tree was generated by optimized neighbor-joining tree estimation using phangorn (2.7.0) (CRAN.R-project; https://CRAN.R-project.org/package=phangorn (accessed on 28 November 2022)).




2.5. MRI Scanning


MRI scans were made after an overnight fast of at least 12 h, except for water (coffee or tea also not allowed). Three hours prior to the MRI scan, all participants were instructed to consume a single standardized sandwich in order to normalize food intake between subjects on the day of testing. Due to travel restrictions during the COVID pandemic, 14 participants (control: n = 5, diet: n = 9) could not visit the research facility in time for their 6-month follow-up scan. These visits were postponed by several weeks (median days to follow-up (interquartile range (IQR)) was 182 (179–203) and 186 (182–199) for diet group and control group, respectively). Participants from the diet groups whose follow-up MRI scans were postponed due to COVID continued their diets until the follow-up MRI scan could be made. MRI acquisition and analyses have been described in detail previously [31]. In brief, MRI data were acquired on a 3.0 tesla Signa HDxt scanner (General Electric, Milwaukee, WI, USA) using a 32-channel receive-only head coil. Structural brain images were obtained using a T1-weighted sequence. fMRI data were acquired using an echo-planar-imaging T2* blood-oxygenation-level-dependent pulse sequence (repetition time 2160 ms, echo time 30 ms, matrix 64 × 64, 211 mm2 field of view, flip angle 80° with 40 ascending slices per volume (3 mm thickness, 0 mm gap), which provided whole-brain coverage. Preprocessing was performed using FMRIPREP v20.0.6 (Poldrack lab, Center for Reproducible Neuroscience, Stanford University, Stanford, CA, USA) [32,33] (RRID: SCR_016 216). Each T1-weighted (T1w) scan was normalized to Montreal Neurologic Institution (MNI) space [34] (TemplateFlow ID: MNI152NLin2009cAsym). Functional data preprocessing included motion correction (FLIRT) [35] and distortion correction (3dQwarp) [36], followed by co-registration to the T1w image using FLIRT (FSL 5.0.9.) (Oxford Centre for Functional Magnetic Resonance Imaging of the Brain, Oxford, UK) [37]. Independent-component-analysis-based automatic removal of motion artifacts (ICA-AROMA) was used to non-aggressively denoise the data [38]. Hereafter, data were spatially smoothed (6 mm full-width at half-maximum (FWHM)) and high-pass filtered (100 s) within FSL/FEAT (FSL/FEAT v6.0.0) (created by the Analysis Group, Oxford University, Oxford, UK).




2.6. Functional MRI Experimental Design


Participants were submitted to two separate fMRI tasks: they were presented with pictures of food and non-food (picture task), and with actual palatable food receipt (palatable food task). The fMRI picture task was performed as described previously [31]. In short, this fMRI task consisted of a 10-minute presentation of pictures selected from the following three categories: (1) high-calorie food items, (2) low-calorie food items, and (3) non-food items. The pictures were presented via the software E-Prime version 1.2 (Psychology Software Tools, Inc., Pittsburgh, PA, USA) in a block design. Each fMRI picture task consisted of 3 runs, each comprising six blocks of 21 s (7 pictures, 2.5 s each with a 0.5 s inter-stimuli interval of a blank screen). Within each run, two blocks of each category were presented. The blocks were separated with a 9 s black screen with a fixation cross. The order of the categories was randomized per run and per session. Pictures were matched for type, shape, and color.



Each palatable food task consisted of 64 trials in total as described previously [39]. Chocolate milk (Chocomel (FrieslandCampina, Amersfoort, Netherlands); 73 kcal, 1.6 g fat, 11 g sugar per 100 mL) was administered as a palatable food stimulus. A tasteless solution was used as a control stimulus, designed to mimic the natural taste of saliva (consisting of 2.5 mM sodium bicarbonate (NaHCO3) and 25 mM potassium chloride (KCl)) [40]. During each trial a visual cue was presented: either an orange triangle or a blue star that signaled either the delivery of 0.4 mL of chocolate milk or tasteless solution, respectively. Images were presented for 2 s in random order, followed by a 3 s blank screen with a fixation cross and 2 s of stimulus delivery. Participants were instructed to keep the solution in their mouths for 5 s until the ‘swallow’ cue appeared. The next trial was started after 1–7 s. In 40% of the trials, however, the cue was not followed by a stimulus delivery in order to maintain an unconditioned response to the receipt of the solutions. Participants were unaware whether a presented image would be paired or unpaired with the delivery of chocolate milk or a tasteless solution. The order of trials was randomized. The picture food task and palatable food task scan comprised 277 and 426 volumes, respectively.




2.7. Statistics


All univariate data were analyzed by SPSS software version 22 (SPSS Inc., Chicago IL, USA). Data are depicted as mean ± standard deviation, median and interquartile ranges, and number and percentages. Between-group baseline differences were tested with independent Student’s t-tests, Mann–Whitney U tests, and Fisher’s exact tests depending on Gaussian distribution. Linear regression analyses adjusted for baseline values were run to test the effect of the dietary advice on between-group differences in SNAQ scores and VAS appetite scores. Because dietary data were collected longitudinally (at 3- and 6-month follow-up), mixed-effects models were run to test the effect of the dietary advice on macronutrient intake. First, time (visit), group (intervention versus control) and baseline value were added to the model as fixed effects to each model. A random intercept was added to the models to take into account the dependency of the repeated observations among the participants. For any model where macronutrient intake was significantly different between groups over time, separate measurements were done for 3 and 6 month follow-up, adjusting for baseline values. For all statistical tests, the 2-sided significance threshold was set to a p-value of 0.05. Linear regression analyses adjusted for baseline values were run to test between-group differences in fMRI blood-oxygen level dependent (BOLD) signal differences in pre-defined brain regions of interest (ROIs). Previous dietary protein intervention studies have detected significant differences in microbiota composition between groups of 20–47 subjects [41,42]. Moreover, based on the results of previous task-based fMRI studies on appetite [43,44], it was estimated that 24 participants per group rendered sufficient power. We therefore deduced our sample size to be sufficient. However, a formal power calculation was not conducted since our study does not concern the primary outcome of the trial. Due to the exploratory nature of our analyses, we did not apply p-value correction for multiple comparisons.



fMRI processing and analyzing was performed using FSL version 5.0.9 (created by the Analysis Group, Oxford University, Oxford, UK). First, four contrasts were calculated, two for each task [43,45]. For the picture task, BOLD signal intensity in response to non-food images was subtracted from BOLD signal intensity in response to all food images (food vs. non-food, contrast 1), and from high-calorie food images (high caloric vs. non-food, contrast 2). For the palatable food task, the BOLD signal in response to the anticipation of a tasteless solution was subtracted from BOLD signal in response to the anticipation of chocolate milk (anticipation chocolate milk vs. anticipation tasteless solution, contrast 3). Similarly, brain activity in response to receiving a tasteless solution was subtracted from brain activity in response to receiving chocolate milk (receipt chocolate milk vs. receipt tasteless solution, contrast 4). These contrasts are an approximation for a person’s response to visual food stimuli, inducing a food craving sensation in semi-fasted state, and to anticipating and receiving palatable food (i.e., chocolate milk), the latter inducing a central reward response. First, these contrasts were explored on a whole-brain level, considering all regions of the brain. Peaks of activity on whole-brain level were examined using the FEAT function of FSL 5.0.6 (FMRIB Software Library; University of Oxford, Oxford, UK) [46]. Whole-brain analyses consisted of main-effects analysis and group-effects analysis. Main effect (one-sample t-test) was assessed in order to validate the effectiveness of each task among all subjects, regardless of intervention. Results were considered significant at p > 0.05, on cluster extent, maintaining a Z threshold of 3.1, corrected for multiple comparisons using family-wise error (FWE). Cluster information was obtained using the cluster tool from FSL. For the main effects, brain activity in response to each experimental condition was compared to the contrasting condition among all participants at baseline to verify that the contrasting experimental conditions did elicit significant differential responses in brain activity. For the group effects, the four contrasts were compared between the diet and control groups at follow-up. For the main-effect analyses the contrasts of all participants were entered into a one-sample t-test in FSL and a statistical map was created for each contrast. For the group-effect analyses whole-brain activation was compared at voxel level with paired t-tests, FWE corrected for multiple comparisons.



After the whole-brain analysis, between-group differences for all four contrasts were specifically analyzed for four pre-defined anatomical ROIs: the amygdala, caudate nucleus, putamen, and insula. As part of the basal ganglia, the caudate and putamen are implicated in reward processing and conditioning and have previously been found to play a complex integrating role in food-related reward signals to behavior [47]. The amygdala is the primary brain region regulating appetite and assigning emotional content to food-related stimuli [48]. The insula is part of a neural circuit involved in the preventing of overeating and terminating feeding upon satiation [49]. Furthermore, all ROIs are related to food reward and motivation, based on previous studies [40,50]. Anatomical masks containing unilateral ROIs were used to perform ROI analyses. The masks were created with fslmaths using the Harvard–Oxford cortical (insula mask) and subcortical (amygdala, caudate, and putamen mask) atlases and thresholds at 60%. Consequently, for each contrast, the mean BOLD signal intensity of every single participant was extracted per anatomical region.



All microbiota-related analyses were performed in R (version 4.0.0) [51]. Specifically the Phyloseq package [52], Vegan package [53], and ggplot2 package [54] were used for analysis and visualization; 16S data were rarified without replacement to 30,000 counts. First, 3 alpha-diversity metrics were calculated (i.e., metrics to determine within-sample diversity): observed taxa, Shannon diversity index, and Faiths Phylogenetic Diversity (FPD). Linear mixed-model analysis was used to test for intervention-induced changes in these alpha-diversity metrics. In these models an interaction term for intervention × time and a random intercept for participant were included. Next, permutational multivariate analysis of variance (PERMANOVA) was used to test compositional differences induced by the intervention, based on both Bray–Curtis dissimilarity and weighted UniFrac distances. In addition, multilevel principal component analysis (PCA) was used on centered log-ratio (CLR)-transformed counts to view compositional shifts. To check for heterogeneous effect of the intervention, within-subject distances were compared between groups by means of dispersion analysis. Univariate regression on the microbiome count data was performed using linear mixed models from the DESeq2 package (Bioconductor Project, University of North Carolina, Chapel Hill, NC, USA), version 1.20.0 and the dream package, version 1.23.0 (Institute for Statistics and Mathematics, Wirtschaftsuniversität, Vienna, Austria) with the variancePartition extension [55,56,57]. This combination of packages provides functions for differential abundance testing using negative binomial linear mixed models for repeated measures data. Benjamini–Hochberg correction for multiple testing was applied [58]. A p-value < 0.05 was considered statistically significant.





3. Results


3.1. Participants


Overall, no differences were found between the intervention and control groups in baseline characteristics, including age, sex, BMI, Mini-Mental State Exam (MMSE) score, and level of education. This was true for both our ancillary microbiota study and the subsample that took part in fMRI measurements. All baseline characteristics are depicted in Table 1.




3.2. Dietary Intake


The participants that took part in this ancillary study did not differ based on energy and macronutrient intake at baseline (Table 1). On average, participants from the diet group increased their protein intake from mean 0.8 g/kg aBW/day at baseline to mean 1.3 g/kg aBW/day at 3 months and to mean 1.2 g/kg aBW/day at 6 months. In contrast, the control group had a protein intake of 0.9 g/kg aBW/day at both 3 and 6 months (p < 0.0001) (Table 2). This difference in protein intake was found statistically significant based on linear mixed models corrected for baseline measurement, which was confirmed in linear regression models corrected for baseline for each time point for g/kg aBW/day (B = 0.4, p < 0.001; B = 0.3, p < 0.001, for 3 and 6 month follow-up, respectively) and for g/day (B = 30.1, p < 0.001; B = 26.2, p < 0.001, for 3 and 6 month follow-up, respectively). Daily energy and carbohydrate intake were also significantly affected by the intervention based on linear mixed models (p = 0.0008 and 0.0367, respectively); however, when performing comparisons between groups for each time point separately, using linear regression models, no significant differences were found. Fat intake was not significantly affected by the intervention. Daily energy, carbohydrate and fat intake were not significantly affected by the intervention for the subsample of participants that took part in the fMRI measurements.




3.3. Appetite Assessments


There were no baseline differences in SNAQ scores in the total microbiota subsample or in the subsample of participants that took part in the fMRI measurements between the diet group and the control group (p = 0.965 and p = 0.978, respectively), nor were there baseline differences in average VAS appetite scores (4.7/10 in the diet group and 5.3/10 in the control group, p = 0.104) (Table 1). The intervention did not affect self-reported appetite, since SNAQ scores and VAS scores did not differ between the diet and control groups at follow-up (Table 3).




3.4. fMRI Assessments


Table 4 presents all brain areas that showed significant (p < 0.05 FWE whole brain corrected) differential activation across all participants at baseline between contrasting conditions (the results of the whole-brain main-effects analyses). As can be seen several areas, including the left insula, respond differently to watching food pictures or high-caloric food pictures versus non-food pictures. However, no significant differences in brain activation could be found between the contrasting conditions of the palatable food task. Moreover, there were no significant differences on whole-brain level between the diet and control groups at follow-up for either of the tasks.



The ROI analyses for the 6-month follow-up visit showed there was an increase in signal in the right insula in response to anticipating chocolate milk in the intervention group (B = 0.07, p = 0.045); therefore, a difference of 0.07 percentage point between the intervention and control groups was observed. No further altered activity in the diet group compared to the control group was found for any of the contrasts, in any of the ROIs (Table 5).




3.5. Gut Microbiota


The microbiota composition for each participant, stratified per group and visit, are depicted in Figure 2. None of the three alpha-diversity metrics (i.e., within-sample diversity) calculated were affected by the dietary intervention (Figure 3). PERMANOVA analysis showed that overall microbiota composition based on the Bray–Curtis dissimilarity measure or on weighted UniFrac did not change significantly from baseline to follow-up in the intervention compared to the control group (Figure 4A,B). Multilevel PCA of the CLR transformed data also showed no significant (p = 0.43) effect of the dietary intervention (Figure 4C,D). Specific microbial species count, assessed by univariate regression using the DESeq2 package, also did not differ between the groups. Since different protein sources might elicit different effects, we also performed a dispersion analysis which showed that the intervention did not perturb the microbiome compared to the control (p = 0.31). Moreover, specific microbial species count was also not affected by the intervention using a negative binomial linear mixed-effect model from the DESeq2 package.





4. Discussion


Our study demonstrates that dietary advice aimed at increasing protein intake from an average of 0.8 g/kg aBW/day to 1.2 g/kg aBW/day in community-dwelling older adults did lead to an increase in protein intake, but does not affect gut microbiota composition, appetite, or brain activity in response to food-related stimuli. As the PROMISS study has shown that the intervention does improve 400 m walk time or leg strength [21], it is valid to conclude that the recommended increase in RDA for protein to 1.2 g/kg aBW/day can be a safe strategy to improve physical function, with no adverse effects on appetite or microbiota composition.



In our study we measured the effect of a dietary intervention on appetite using an adapted version of the SNAQ appetite questionnaire [24]. Moreover, the 48 participants who underwent fMRI scans were also asked to rate their appetite using 6 VAS scales. Neither the SNAQ appetite scores nor the VAS appetite ratings were affected by our dietary intervention. In addition to subjective ratings of appetite, we also examined the effects of increasing protein intake on fMRI-measured brain responses to food cues. These food cues were provided in the form of food versus non-food images or the anticipation or receipt of chocolate milk versus a tasteless solution, which are considered potent activators of the brain’s reward system [59]. By comparing the changes in CNS signaling between participants from our diet and control groups, we aimed to evaluate whether there is a neural basis for possible protein-induced effects on appetite in older adults. Although several studies have demonstrated such differential brain activation patterns in adults with obesity [60] or weight gain [61], we are the first to study the effect of increasing protein intake on fMRI-measured brain activation in older adults. In line with our findings with regard to self-rated appetite, we found no significant alterations in brain responses in the protein intervention group that could lead to a decrease in energy intake. We did find an increase in signal in the right insula in response to anticipating chocolate milk in the protein intervention group (p = 0.045), indicating a slight increase in appetite, rather than the apprehended decrease. Our findings contradict previous studies in younger adults with obesity, in whom protein intake did alter CNS control of appetite [14,15,16]. Possibly, older adults experience a blunted response to the satietogenic properties of dietary protein [62]. It has been shown that, upon a dietary protein intervention, older men had delayed gastric emptying compared to younger men, but did not report decreased appetite (measured by VAS scores), and experienced less suppression of energy intake during a consecutive ad libitum meal [62]. Altogether, our current results indicate that protein supplementation to 1.2 g/kg aBW/day is a safe strategy to improve physical function [21] without any adverse effects on appetite in older adults.



We hypothesized that protein-induced changes in self-rated appetite or brain activity patterns would be partially mediated by the gut microbiota through the gut–brain axis. However, in addition to not affecting appetite or CNS responses to food cues, our intervention did not affect the composition of the gut microbiota. Neither the alpha diversity (within-sample diversity), nor the beta diversity (between-samples dissimilarity), nor the bacterial abundance of individual taxa were affected. This finding contradicts the study by David et al. [63], which demonstrated that a purely animal-based diet (high in protein and fat, low in fiber) in young adults altered the microbiota composition one day after the animal diet reached the gut [63]. Normally, most protein is digested in the small intestine and only excess protein reaches the colon where most of the gut microbiota resides [64]. Possibly the increase of protein intake in our study was not drastic enough to effectuate a similar colonic increase in protein. To illustrate: David et al. [63] increased protein intake almost 100%, whereas we altered it by about 50%. Furthermore, the use of diverse protein sources in our study, including both animal and plant-based protein, might have prevented a uniform microbial effect. Since increased proteolytic (compared to saccharolytic) fermentation increases the production of detrimental metabolites with cytotoxic and carcinogenic attributes, increases luminal pH, and favors pathogen proliferation [64], the lack of protein-induced changes to the microbiota in our study can be considered a positive finding.



Strengths and Limitations


An important strength of this study was that the dietary advice given to participants was personally tailored by nutritionists to each participant’s personal eating behaviors and preferences to increase adherence. Moreover, the advice was adjusted during the study period based on the participants’ feedback to further improve compliance. Based on the 24-h recalls, the advice did succeed in raising the average protein intake from 0.8 g/kg aBW/day to 1.2 g/kg aBW/day. Although the increase in protein intake was moderate, it was in line with the recommended raise in RDA for protein intake in older adults suggested by several expert groups [3,65]. It is therefore an accurate depiction of the health effects that can be expected if the RDA for protein intake in older adults would increase to 1.2 g/kg aBW/day. Moreover, the increased protein intake was sufficient to increase 400 m walk time and leg strength, as demonstrated by the PROMISS trial itself [21]. Nevertheless, some limitations are to be acknowledged. First, this study describes the results of a trial that was primarily designed to study the effect of increasing protein intake on physical functioning [20]. The effects on appetite and the gut microbiota were secondary outcomes studied in a subpopulation, therefore this study should be considered exploratory and hypothesis-generating. However, it is still a large population compared to other dietary protein interventions [66]. Second, although compliance with the diet was measured by 24-h recalls, no urinary samples were obtained to objectively assess protein intake. Third, not every participant from the intervention groups reached the recommended dietary protein intake of >1.2 g/kg aBW/day. This was obtained for a majority of the intervention group (53%), however. Nevertheless, the advisory or coaching method for a dietary intervention is more representative of the way that dietary interventions are generally implemented by clinical dieticians [67]. Fourth, it has to be noted that isocaloric dietary interventions increasing one particular macronutrient always result in the relative decrease of other macronutrients. Finally, due to the exploratory nature of this study, the effects of the protein intervention on metabolic markers such as muscle mass or insulin resistance was not assessed. We also did not perform measurements of postprandial leptin or ghrelin, or plasma metabolomics, transcriptomics, or fecal short-chain fatty acid levels to investigate further metabolic effects of protein supplementation in the older adults. Future studies might include such outcomes to gain more insight into the mechanisms behind the relationship between protein supplementation, metabolism, appetite regulation, and microbiota composition.





5. Conclusions


We have previously shown that dietary advice to increase protein intake to ≥1.2 g/kg aBW/day improved physical functioning [21]. Here, we demonstrate that this advice did not significantly affect appetite, CNS responses to food cues, or the gut microbiota. Therefore, raising the RDA for protein intake in older adults can be done without concerns of negatively impacting the gut microbiota or suppressing appetite.
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Figure 1. Flowchart for inclusion of participants in the microbiota ancillary study and fMRI measurements of the PROMISS trial. Darkest grey is final number of included participants per group, per substudy. Grey is the number of exclusions. fMRI: functional magnetic resonance imaging; PROMISS: Prevention Of Malnutrition In Senior Subjects in the EU. 
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Figure 2. Microbiota composition for each participant. (A) Relative abundance of bacterial phyla for each participant, stratified to intervention groups and visits (V1: baseline visit, V2: follow-up visit). Firmicutes are the most abundant, followed by Bacteroidetes, Actinobacteria, and Proteobacteria. (B) Same as A, but for 20 most abundant bacterial genera. There are no differences in phylum abundance or genus abundance between groups. 
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Figure 3. Microbiota alpha diversity was not affected by increasing protein intake. Alpha diversity for the control and diet groups at baseline (V1) and 6 month follow-up (V2) based on observed number of taxa, Shannon index, and Faith’s Phylogenetic Diversity index. Observed taxa is the total number of unique ASVs observed in a sample; it is a metric for richness. Shannon is an evenness diversity metric: a more even distribution results in a higher diversity. FPD takes into account the phylogeny of the observed taxa; it is a metric for genetic diversity. Linear mixed models were used to test for intervention-induced changes in alpha diversity. In these models an interaction term for intervention × time and a random intercept for participant were included. Dietary advice aimed at increasing protein intake did not affect any of the alpha-diversity measures. ASV: amplicon sequence variants; FPD: Faiths Phylogenetic Diversity. 






Figure 3. Microbiota alpha diversity was not affected by increasing protein intake. Alpha diversity for the control and diet groups at baseline (V1) and 6 month follow-up (V2) based on observed number of taxa, Shannon index, and Faith’s Phylogenetic Diversity index. Observed taxa is the total number of unique ASVs observed in a sample; it is a metric for richness. Shannon is an evenness diversity metric: a more even distribution results in a higher diversity. FPD takes into account the phylogeny of the observed taxa; it is a metric for genetic diversity. Linear mixed models were used to test for intervention-induced changes in alpha diversity. In these models an interaction term for intervention × time and a random intercept for participant were included. Dietary advice aimed at increasing protein intake did not affect any of the alpha-diversity measures. ASV: amplicon sequence variants; FPD: Faiths Phylogenetic Diversity.
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Figure 4. Microbiota beta diversity was not affected by increasing protein intake. (A,B): Principle coordinate analysis (PCoA) based on Bray–Curtis dissimilarity (A) and weighted UniFrac (B) measures. These are measures used to evaluate overall microbial compositional differences between groups. Each point indicates one sample from one participant (yellow: diet group, purple: control group, dot: baseline visit (V1), triangle: 6 month follow-up visit (V2)). Points from one participant are linked. The closer the points are mapped together, the more the microbial composition is alike. PERMANOVA analysis showed that overall microbiota composition based on the Bray–Curtis dissimilarity measure or on weighted UniFrac did not change significantly from baseline to follow-up in the intervention compared to the control group. (C,D): Multilevel principal component analysis (PCA) stratified for baseline (V1) and 6 month follow-up visits (V2) (C) and for all visits combined (D). There was no significant (p = 0.43) effect of the dietary intervention on this beta-diversity measure. 
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Table 1. Baseline characteristics of microbiota (n = 90) and fMRI sub-samples (n = 48).






Table 1. Baseline characteristics of microbiota (n = 90) and fMRI sub-samples (n = 48).





	

	
Microbiota Sample

	
fMRI Subsample




	
Diet Group (n = 47)

	
Control Group (n = 43)

	
p-Value

	
Diet Group (n = 27)

	
Control Group (n = 21)

	
p-Value






	
Demographics

	

	

	

	

	

	




	
Age (years)

	
74.6 ± 4.8

	
74.1 ± 4.7

	
0.572

	
73 (70–80)

	
72 (71–75)

	
0.445




	
Sex (male)

	
28 (59.6)

	
19 (44.2)

	
0.205

	
18 (66.7)

	
12 (57.1)

	
0.558




	
BMI (kg/m2)

	
26.1 ± 2.9

	
26.8 ± 2.9

	
0.227

	
26.6 ± 2.7

	
27.1 ± 2.9

	
0.604




	
MMSE

	
29 (27–30)

	
29 (27–30)

	
0.573

	
29 (27–29)

	
29 (27–30)

	
0.734




	
Education

	

	

	
0.110

	

	

	
0.565




	
Low

	
3 (6.4)

	
0 (0.0)

	

	
2 (7.4)

	
0 (0.0)

	




	
Middle

	
8 (17.0)

	
13 (30.2)

	

	
5 (18.5)

	
6 (28.6)

	




	
High

	
36 (76.6)

	
30 (69.8)

	

	
20 (74.1)

	
15 (71.4)

	




	
Study site (Amsterdam)

	
35 (74.5)

	
33 (76.7)

	
1.000

	

	

	




	
Appetite

	

	

	

	

	

	




	
SNAQ appetite score

	
14.9 ± 1.7

	
15.0 ± 2.1

	
0.965

	
15.2 ± 1.4

	
15.2 ± 2.4

	
0.978




	
VAS appetite scores

	

	

	

	
4.7 (3.3–5.8)

	
5.3 (3.3–6.4)

	
0.560




	
Food intake

	

	

	

	

	

	




	
Energy intake (kcal/day)

	
1701.9 ± 427.4

	
1611.0 ± 301.8

	
0.244

	
1740.4 ± 464.5

	
1690.2 ± 311.1

	
0.657




	
Protein intake (g/kg aBW/day)

	
0.8 ± 0.2

	
0.8 ± 0.1

	
0.689

	
0.8 ± 0.2

	
0.8 ± 0.1

	
0.777




	
Protein intake (g/day)

	
62.9 ± 14.0

	
60.9 ± 10.4

	
0.457

	
64.5 ± 14.6

	
62.0 ± 11.2

	
0.526




	
Carbohydrate intake (g/day)

	
181.4 ± 56.4

	
170.9 ± 47.6

	
0.347

	
182.5 ± 63.2

	
182.2 ± 49.3

	
0.986




	
Fat intake (g/day)

	
67.3 ± 20.4

	
66.1 ± 18.3

	
0.771

	
69.2 ± 21.9

	
69.8 ± 20.1

	
0.929








BMI: body mass index; MMSE: Mini-Mental State Exam; SNAQ: Simplified Nutritional Appetite Questionnaire; VAS: Visual Analogue Scale; aBW: adjusted body weight; fMRI: functional magnetic resonance imaging. Values are depicted in mean ± standard deviation (parametric continuous), median (interquartile range) (non-parametric continuous), or number (%) (categorical). Baseline differences between groups are tested by independent samples t-test (parametric continuous), independent samples Mann–Whitney U Test (non-parametric continuous), or Fisher’s exact test (categorical).
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Table 2. Dietary intake after 3 and 6 months in the intervention and control groups.
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Microbiota Subsample

	
Diet Group (n = 47)

	
Control Group (n = 43)

	
Between-Group Differences




	
3 Months

	
6 Months

	
3 Months

	
6 Months

	
B (95%-CI)

	
p-Value




	
Energy intake (kcal/day)

	
1873.9 ± 454.2

	
1836.1 ± 382.9

	
1679.2 ± 429.8

	
1699.2 ± 341.6

	
104.0 (0.4–207.5)

	
0.0008 *




	
Protein intake (g/kg aBW/day

	
1.3 ± 0.3

	
1.2 ± 0.2

	
0.9 ± 0.2

	
0.9 ± 0.2

	
0.4 (0.3–0.4)

	
<0.0001 *




	
Protein intake (g/day)

	
96.2 ± 26.7

	
94.2 ± 22.2

	
64.1 ± 15.0

	
66.8 ± 15.2

	
27.1 (21.2–33.0)

	
<0.0001 *




	
Carbohydrate intake (g/day)

	
187.7 ± 51.0

	
185.0 ± 48.9

	
177.0 ± 54.6

	
174.2 ± 47.7

	
4.2 (−7.9–16.3)

	
0.0367 *




	
Fat intake (g/day)

	
72.4 ± 24.4

	
69.9 ± 23.0

	
68.6 ± 24.9

	
71.5 ± 18.3

	
0.2 (−6.3–6.6)

	
0.6514




	
fMRI Subsample

	
Diet Group (n = 27)

	
Control Group (n = 21)

	
Between-Group Differences




	
3 Months

	
6 Months

	
3 Months

	
6 Months

	
B (95%-CI)

	
p-Value




	
Energy intake (kcal/day)

	
1893.3 ± 484.3

	
1847.4 ± 402.8

	
1815.0 ± 470.2

	
1764.1 ± 310.7

	
70.4 (−86.3–227.1)

	
0.1897




	
Protein intake (g/kg aBW/day

	
1.3 ± 0.3

	
1.3 ± 0.2

	
0.9 ± 0.2

	
0.9 ± 0.2

	
0.4 (0.3–0.5)

	
<0.0001 *




	
Protein intake (g/day)

	
100.8 ± 26.6

	
101.3 ± 19.8

	
66.4 ± 14.4

	
67.9 ± 15.6

	
33.1 (24.5–41.7)

	
<0.0001 *




	
Carbohydrate intake (g/day)

	
187.6 ± 52.5

	
180.9 ± 54.0

	
194.3 ± 61.3

	
183.2 ± 46.6

	
−2.5 (−20.8–15.8)

	
0.8486




	
Fat intake (g/day)

	
72.7 ± 27.1

	
69.9 ± 25.8

	
74.2 ± 25.1

	
74.3 ± 15.8

	
−1.8 (−11.5–8.0)

	
0.7255








aBW: adjusted body weight; 95%-CI: 95% confidence interval; B: regression coefficient. Shown are means ± standard deviations and regression coefficients (95%-confidence intervals). Differences between groups in food intake were linear mixed models with random intercept for the participant, adjusted for baseline values. * p-value < 0.05.
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Table 3. Appetite measures at baseline and after 6 months in the intervention and control groups.
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Diet Group

	
Control Group

	
Difference at 6 Months




	
Baseline

	
6 Months

	
Baseline

	
6 Months

	
B (95%-CI)

	
p-Value






	
SNAQ appetite score (n = 90)

	
14.9 ± 1.7

	
14.9 ± 2.1

	
15.0 ± 2.1

	
15.3 ± 2.1

	
−0.36 (−1.10–0.39)

	
0.347




	
Average VAS appetite score (n = 48)

	
4.7 (3.3–5.8)

	
4.5 (2.8–6.3)

	
5.3 (3.3–6.4)

	
5.0 (3.8–6.2)

	
−0.20 (−1.10–0.70)

	
0.657




	
How hungry are you

	
4.0 (2.0–6.0)

	
3.0 (1.0–6.0)

	
4.1 (1.0–6.0)

	
4.5 (1.7–6.0)

	
−0.62 (−1.80–0.56)

	
0.293




	
How full are you

	
2.9 (2.0–5.0)

	
2.0 (1.0–3.5)

	
2.6 (1.0–5.4)

	
3.0 (2.0–5.5)

	
−1.06 (−2.35–0.23)

	
0.104




	
How eager are you to eat

	
5.0 (3.0–7.0)

	
5.0 (2.0–6.0)

	
6.8 (2.0–7.1)

	
5.9 (4.2–7.0)

	
−0.44 (−1.65–0.77)

	
0.469




	
How much could you eat

	
5.0 (3.9–6.9)

	
5.0 (3.0–5.5)

	
6.0 (4.0–7.0)

	
5.5 (4.6–7.0)

	
−0.77 (−1.80–0.26)

	
0.139




	
How strong is the urge to eat

	
4.0 (2.0–6.0)

	
4.0 (2.0–6.0)

	
5.0 (0.8–7.0)

	
5.0 (2.0–6.0)

	
−0.15 (−1.50–1.20)

	
0.825




	
How strong is the thought of food in your head

	
3.0 (1.5–7.0)

	
3.0 (1.0–6.0)

	
5.0 (1.0–7.0)

	
5.0 (2.0–6.0)

	
−0.48 (−1.93–0.97)

	
0.507








SNAQ: Simplified Nutrition Appetite Questionnaire; VAS: Visual Analogue Scale. Shown are means ± standard deviations, medians (interquartile ranges), and regression coefficients (95%-confidence intervals). Differences between groups in appetite were tested with linear regression for follow-up values, adjusted for baseline values.
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Table 4. Significant results of the main effects observed in the fMRI virtual food task of whole-brain analyses.
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Side

	

	

	

	
MNI

	

	

	




	

	

	
Cluster

	
Voxels

	
Z-Max

	
x

	
y

	
z

	
p-Value *






	
Food vs. non-food pictures




	
Lateral occipital cortex

Lateral occipital cortex

Superior parietal lobe

Cingulate gyrus

Superior parietal lobe

Lateral occipital cortex

	
R

L

R

L

L

L

	
6

5

4

3

2

1

	
2751

2418

478

205

201

201

	
7.01

6.52

5.5

4.59

4.19

4.05

	
40

−44

32

−6

−34

−26

	
−78

−74

−52

−54

−54

−64

	
−10

−4

62

26

66

30

	
2.15 × 10−17

6.3 × 10−16

3.92 × 10−5

0.0096

0.0106

0.0106




	
High-caloric vs. non-food pictures




	
Insula

	
L

	
7

	
218

	
5.73

	
−44

	
−30

	
34

	
0.00914




	
Lateral occipital cortex

Lateral occipital cortex

Lateral occipital cortex

Cingulate gyrus

Superior parietal lobe

Supramarginal gyrus

	
R

L

L

L

L

L

	
6

5

4

3

2

1

	
4150

3185

295

289

206

156

	
7.08

6.77

4.52

4.72

4.46

4.61

	
46

−44

−20

−6

−32

−44

	
−72

−74

−82

−54

−56

−30

	
0

−4

44

26

66

34

	
4.75 × 10−22

2.02 × 10−18

0.00182

0.00205

0.0119

0.0383








Depicted are the main effects of the two contrasts (food versus non-food and high-caloric versus non-food images) of the virtual fMRI paradigm. To this end, fMRI baseline data of all participants across both groups was entered into a one-sample t-test and assessed on whole-brain level with a threshold p < 0.05. * p-values are corrected for multiple comparisons using family-wise error (FWE). Cluster information was obtained using the ‘cluster’ tool from FSL; p-values depict significance of clusters using Gaussian random field (GRF) theory. Montreal Neurological Institute (MNI): anatomical coordinates of peak voxels activated per separate brain region. Z-max: maximum z-score within the identified cluster; L: left; R: right.
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Table 5. Effect of intervention on responses to fMRI virtual and palatable food tasks in pre-defined regions of interest.
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Picture Task

	
Palatable Food Task




	

	
Food vs. Non-Food

	
High Caloric vs. Non-Food

	
Anticipation Chocolate vs. Tasteless Solution

	
Receipt Chocolate vs. Tasteless Solution




	
B (95%-CI)

	
p-Value

	
B (95%-CI)

	
p-Value

	
B (95%-CI)

	
p-Value

	
B (95%-CI)

	
p-Value






	
Putamen right

	
−0.02 (−0.08–0.03)

	
0.385

	
−0.04 (−0.11–0.03)

	
0.255

	
0.03 (−0.05–0.11)

	
0.485

	
−0.02 (−0.07–0.03)

	
0.495




	
Insula right

	
−0.01 (−0.07–0.05)

	
0.750

	
−0.04 (−0.11–0.03)

	
0.272

	
0.07 (0.00–0.13)

	
0.045 *

	
0.01 (−0.03–0.06)

	
0.474




	
Amygdala right

	
−0.06 (−0.15–0.03)

	
0.178

	
−0.07 (−0.19–0.05)

	
0.260

	
0.03 (−0.08–0.13)

	
0.614

	
−0.03 (−0.12–0.06)

	
0.475




	
Caudate nucleus right

	
−0.02 (−0.07–0.03)

	
0.394

	
−0.04 (−0.11–0.04)

	
0.307

	
0.06 (−0.01–0.14)

	
0.091

	
−0.03 (−0.09–0.02)

	
0.220




	
Putamen left

	
−0.04 (−0.09–0.01)

	
0.151

	
−0.05 (−0.12–0.02)

	
0.157

	
0.03 (−0.03–0.10)

	
0.334

	
−0.04 (−0.10–0.01)

	
0.134




	
Insula left

	
−0.04 (−0.10–0.03)

	
0.256

	
−0.05 (−0.12–0.02)

	
0.132

	
0.03 (−0.04–0.11)

	
0.385

	
−0.01 (−0.05–0.04)

	
0.759




	
Amygdala left

	
−0.04 (−0.13–0.06)

	
0.445

	
−0.07 (−0.19–0.05)

	
0.227

	
0.09 (−0.01–0.19)

	
0.063

	
−0.05 (−0.14–0.03)

	
0.224




	
Caudate nucleus left

	
−0.02 (−0.07–0.04)

	
0.480

	
−0.03 (−0.11–0.04)

	
0.359

	
0.04 (−0.04–0.11)

	
0.305

	
−0.04 (−0.09–0.02)

	
0.162








Shown are regression coefficients (95%-confidence intervals) and p-values. Percentual differences between groups in blood-oxygen level dependent signal were tested with linear regression for follow-up values, adjusted for baseline values. CI: confidence interval; B: regression coefficient. * p-value < 0.05.
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