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Objective

The hypothalamus regulates energy homeostasis, and its damage results in severe obesity. We aimed to investigate the multifaceted characteristics of hypothalamic obesity.



Methods

We performed multidimensional analyses of brain structure/function and psychological and behavioral phenotypes in 29 patients with hypothalamic damage (HD) (craniopharyngioma) and 31 controls (non-functional pituitary adenoma). Patients underwent structural and functional magnetic resonance imaging and completed self-reports and cognitive tasks.



Results

Patients with HD showed significantly higher postoperative weight gain than controls. The HD group also showed significant hypothalamic damage and lower neural activation in the left caudate nucleus in response to food images. The HD group had significantly higher food inattention, lower satiety, and higher restrained eating behavior. Within the HD group, higher restrained eating behavior was significantly associated with lower activation in the bilateral fusiform gyrus.



Conclusion

These results suggest that hypothalamic damage contributes to weight gain by altering the brain response, attention, satiety, and eating behaviors. The present study proposes novel neuro-psycho-behavioral mechanisms targeted for patients with hypothalamic obesity.
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Introduction

The hypothalamus is the primary site for the regulation of energy homeostasis. Given the critical function of the hypothalamus, damage to the hypothalamus may lead to several detrimental effects. For example, hypothalamic obesity is a form of obesity caused by structural damage in the hypothalamus (1–3). Hypothalamic obesity occurs in approximately half of the patients who have undergone surgical removal of tumors near the hypothalamus, such as craniopharyngioma. Hypothalamic obesity is the most concerning complication and is often developed despite the adequate replacement of pituitary hormone deficiencies (3, 4). Moreover, it is associated with severe sequelae and negatively impacts the quality of life (5). However, there is a lack of evidence regarding definitive diagnostic guidelines or mechanisms to evaluate the extent of hypothalamic damage and the subsequent psychological and behavioral dysfunctions (2). Therefore, studies on the features of hypothalamic obesity based on multimodal aspects are required, which may consequently contribute to clarifying diagnostic guidelines and developing interventions for hypothalamic obesity.

Previous studies have shown that hypothalamic obesity is associated with abnormal eating behavior and psychologies (6–8). For example, pathological eating behaviors (e.g., higher eating restraint scores, snacking, night eating, and altered attitudes toward food) have been reported among patients with hypothalamic obesity (7, 9, 10). Psychological abnormalities (e.g., sleepiness, mood, and personality) have been reported to be the leading cause of abnormal eating behaviors (10). However, these studies were conducted to examine pathological eating behaviors and psychological characteristics independently. This lack of integration between behavioral and psychological characteristics may limit the comprehensive and integrated understanding of hypothalamic obesity. The present study attempted to elucidate both the psychological and behavioral characteristics of patients with hypothalamic obesity.

Furthermore, the direct mechanism linking hypothalamic damage to abnormal eating behavior is thought to involve neural circuit malfunctions related to eating (5, 11). This suggests that examinations of neural function as well as psychological/behavioral assessments in patients with hypothalamic obesity may be required. Indeed, a few functional magnetic resonance imaging (fMRI) studies have investigated altered brain activation in patients with hypothalamic obesity (12, 13). However, these studies did not focus on food or obesity-related fMRI mechanisms of hypothalamic obesity through multiple-dimension analyses, including hypothalamic structural damage, whole-brain response to food, food-related cognition, food-related psychology, eating behaviors, and weight gain. We hypothesized that hypothalamic damage could alter brain functions for satiety, food attention, and inhibitory control, which could result in unhealthy behavior and weight gain.



Methods




Participants

This study included 29 patients and 31 controls who underwent surgeries for craniopharyngioma (hypothalamic damage group) and non-functional pituitary adenoma (control group), respectively (pair-matched based on age, gender, preoperative BMI, and hormone function status). The definition of “the HD patient” of the present study was the patient who had potential hypothalamic functional damage due to surgery for craniopharyngioma. The exclusion criteria were as follows: age <19 years, on medications that could significantly influence weight gain (besides hormone therapy), psychiatric problems, severe postoperative complications (bleeding, infection, or pituitary apoplexy), metastasis, previous treatment history (surgery, gamma knife, or radiation therapy), and visual disturbances. This study was reviewed and approved by the Institutional Review Board of SNUH (IRB No.1710-096-895).




Procedures

Patients were asked to arrive at the MRI center an hour before the MRI scan began. First, patients were asked to complete nine Korean standardized questionnaires. Then, patients underwent a routine follow-up structure MRI sequence. This was followed by an fMRI scan during the food image presentation. After finishing the MRI/fMRI scan, they were instructed to complete the Go/NoGo and dot-probe tasks (Figure 1).




Figure 1 | Study design. All participants filled out self-reported questionnaires for assessing psychological and behavioral phenotypes. They underwent an fMRI scan and a routine follow-up MRI scan. After the MRI scan, two computerized cognitive tasks were performed.






Psychological measurements

We used the following self-reported measurements for the psychological and behavioral assessments: Appetite visual analog scale (VAS) (14) for the appetite and internal state, Positive and Negative Affect Scale (PANAS) (15) for the current affect state, Hospital Anxiety and Depression Scale (HADS) (16) for pathological mood disorders, Dutch Eating Behavior Questionnaire (DEBQ) (17) and Yale Food Addiction Scale (YFAS) (18) for eating behavior, and International Physical Activity Questionnaire Short Form (IPAQ-SF) (19) and Pittsburgh Sleep Quality Index (PSQI) (20) for other eating-associated behaviors.




Individually tailored hypothalamus volumetric method

We assessed the volume of the damaged hypothalamus (absolute volume of the hypothalamus) on a T2-weighted MR image [slice number = 15, voxel size = 0.4 × 0.5 × 3 mm3, matrix = 320 × 256, slice thickness = 3 mm, repetition time (TR) = 3,000 ms, echo time = 127.2 ms, flip angle = 160]. A well-trained neuroimaging analyst manually segmented the hypothalamus area using the freehand option of the SNUH PACS program (INFINITT Co. Ltd., South Korea), based on a method recently developed by our team (21). We modified the lateral border of the optic tract to adjust the thalamus boundary for each patient in T2-weighted MR images to exclude thalamus areas from hypothalamic volume measurements [method 2 in ref (21)]. The intracranial volume was calculated from the segmentation function of the magnetization-prepared rapid gradient echo (MPRAGE) sequence using the CAT12 (a Computational Anatomy Toolbox for SPM) (22) for whole-brain correction. To adjust for individual head size differences, we calculated the relative hypothalamus volume by dividing the hypothalamus volume by the intracranial volume.




Functional MRI




Image acquisition

We collected the imaging data on a 3.0-T scanner (SIEMENS MAGNETOM TrioTim syngo MR B17, Germany) using a 32-channel sensitivity encoding head coil. We used an MPRAGE sequence (192 contiguous sagittal slices with TR = 2,100 ms, echo time = 3.74 ms, flip angle = 10, voxel size = 0.9 × 0.9 × 1 mm3, and matrix = 256 × 256) to obtain a high-resolution 3-D volume image. fMRI data were obtained (198 volumes with TR = 2,000 ms) with T2-weighted single-shot echo planar imaging sequences. Each participant was axially scanned using the following parameters: voxel size = 3.4 × 3.4 × 3.4 mm3, slice number = 38 (interleaved), matrix = 80 × 80, slice thickness = 3.4 mm, slice gap = 0 mm, TR = 2,000 ms, TE = 30 ms, and FOV = 240 × 240.




Food image perception task

We used pictures of palatable food stimuli (23) and non-food object stimuli for the in-scanner visual perception task (45 images each). We presented the task on a projector screen using the E-Prime software (Psychology Software Tools, Pittsburgh, PA, USA). The palatable food images and non-food object images were presented in a block design format during the two experimental runs. The two runs were counterbalanced. Each run consisted of six (food blocks and object blocks, three each) blocks comprising 24 s. Six individual images for 4 s from the list of 15 stimuli were randomly presented in each block. Each block was separated by 8 s. Moreover, each run began with a blank screen comprising a fixation cross for 16 s.




fMRI data analyses

We preprocessed and analyzed the whole-brain functional images using the SPM12 software package (Wellcome Department of Imaging Neuroscience, London, United Kingdom). They were run in MATLAB 9.4.0 (R2018a, The MathWorks Inc., Natick, MA, USA). The functional images were slice time-corrected, realigned, and co-registered. They were then spatially normalized to the standard Montreal Neurological Institute brain template. These images were smoothened using an isotropic Gaussian kernel with a 6-mm complete width at half maximum. Moreover, we used Artifact Detection Tools (http://www.nitrc.org/projects/artifact_detect) for detecting the outliers. Single scans identified as invalid outliers were removed from the subsequent analysis.

Subject-level analyses included the following two regressors per model: visual exposure to food images and object images. Head motion parameters and outliers were also included in the model as covariates to control the effects of motion and outliers. For each subject, we calculated the following contrast image for each subject: food vs. object. Group-level analyses were conducted using two-sample t-tests to compare group differences in neural activation in response to food images (vs. object images). We reported on the fMRI results with a significance level of P = 0.005 (uncorrected) and a cluster extent threshold of k = 30 contiguous voxels, as recommended by previous studies (24, 25). Food-related regions of interest (ROIs) included the bilateral amygdala, caudate, putamen, fusiform, insula, nucleus accumbens, and orbitofrontal cortex (26–28). We defined the ROIs using Automated Anatomical Labeling 3. However, the ROI for the nucleus accumbens was defined by the Harvard-Oxford Subcortical Structural Atlas. The MarsBaR toolbox (http://marsbar.sourceforge.net/) was run in Matlab 9.4.0 (R2018a; The MathWorks Inc., Natick, MA, USA) to extract the mean beta values from the clusters, showing significant group differences from the whole-brain t-tests.





Computerized cognitive tasks

All computerized cognitive tasks were prepared using PsychoPy3.0 and run on a 15-inch Dell laptop. All food image stimuli used in the tasks were selected from the food image set for Koreans (23).




Go/NoGo task

We implemented the Go/NoGo task protocol postulated by Jasinska et al. (29), which is modified to include flanker food distractors, which eventually facilitated an assessment of the efficiency of inhibitory control in the presence of food images. We included 90 palatable food images for the distracters. The Go/NoGo task measures the efficiency of response inhibition or inhibitory control (30), as indexed by the number of false alarms on NoGo trials (i.e., commission error rate). A higher rate of false alarms indicates a greater deficit in inhibitory control. We measured the lapse of attention to cue by the number of no responses in the Go trials (omission error rate). A higher rate of error in the Go trial indicated a greater deficit in attention. Reaction time indicates response/attention bias. We included food distracter trials to maximize the number of false alarms committed per category. The participants observed a target letter in the middle of the screen, flanked by two identical food distracter images. We instructed them to press the space bar for all letters except the letter X (Go trials, 66% of all trials) and to inhibit their response for the letter X (NoGo trials, 33% of all trials). The Go targets included the letters G, Q, and O. Each trial consisted of a target stimulus and two flanker food distractors presented for 500 ms, followed by a white screen presented for 1,000 ms. The total response limit was 1,500 ms. After the instructions and following eight practice trials, the participants completed three runs of tasks each consisting of 90 trials (60 Go trials and 30 NoGo trials), for a total of 270 trials (180 Go trials and 90 NoGo trials, respectively). The instructions emphasized on both speed and accuracy. The order of trials was randomized across the three blocks for each participant. All participants were provided with the same food distracter images.




Dot-probe task

We employed a food visual image-specific dot-probe task to assess the attentional bias to food. We obtained 104 and 56 food and non-food object pictures, respectively, for the stimuli. There were 168 experimental trials that comprised the following in picture pairs from each category: 56 food/object (congruent trial), 56 food/object (incongruent trial), 28 food/food (neutral), and 28 object/object (neutral). Their order of presentation was randomized for each participant, with a restriction on the immediate repetition of the preceding pair. The fixation was presented for 500 ms in each trial, followed by a separation of the pairs for 1,000 ms. Moreover, one picture each was presented left and right to the central point. Immediately following an offset of the picture pair, a small dot appeared in place of one of the two pictures, in line with previous research using the dot-probe procedure (31–34). Each picture within the pair was likely equal to fall in either the left or the right position on the computer screen. Furthermore, the dot was equally likely to replace either the food (congruent trial) or the object (incongruent trial) picture. Differences in the reaction time of each type of trial are indexed as the attention bias, initial attentional orientation (i.e., attention orienting), and disengagement of attention from the visual cue (i.e., attention disengagement) (31, 35). The participants were instructed to fix their eyes on the cross at the center of the screen every time it appeared. Furthermore, we asked them to rapidly and accurately indicate the point where the dot appeared by pressing either a left or right response key on the keyboard. The computer recorded the response time to the nearest millisecond and the number of errors. The participants were provided a break for 30 s, halfway through the trial.





Statistical analyses

We analyzed the psychological, behavioral, and anthropometric data using the SPSS Statistics software (version 25, Armonk, NY, USA). The P-values are from an unpaired, two-sample t-test that compared patients in the HD group to those in the control group. We conducted independent sample t-tests to compare the percentage of damaged hypothalamus volume and the mean volume of each group. The t-value represents the difference between the sample mean and the population mean, standardized by the standard deviation of the sample. The correlation between all anthropometric, psychological, and behavioral data and the ROI beta values was assessed using the Pearson product-moment correlation coefficient (two-tailed, P < 0.05).




Results




Demographic and clinical characteristics

Sixty-one participants completed the entire study procedure. Two patients failed to complete the fMRI scan due to a problem with the fMRI projector. We successfully collected the fMRI data of 55 of the 59 eligible patients (93%), and the data of four patients were excluded due to a technical issue of data transfer (N = 3) and poor vision (N = 1). We excluded the data of two patients in the Go/NoGo task [one outlier (error rate > 30%) and one missing data].

The demographic and clinical characteristics of the study participants are shown in Table 1. There were no differences in age, preoperative weight, and preoperative BMI between the hypothalamic damage (HD) group (craniopharyngioma, n = 29) and the control group (non-functional pituitary adenoma, n = 31). There was a significant difference in the Mueller grading (36) and follow-up duration (the period between surgery and participation in this study).


Table 1 | Demographic and clinical characteristics.





Weight change

Patients in the HD group gained greater postoperative weight compared with the control group. There was a 7.23% increase in postoperative weight in the HD group, while only a 0.63% increase was observed in the control group (t (58) = 3.02, P = 0.004, Figure 2D). A total of 51.72% of patients with HD (15 of 29) had a weight gain greater than 5%, and 31.03% of patients with HD (9 of 29) had a weight gain greater than 10% after the surgery.




Figure 2 | Food-related psychology, eating behavior, and weight change. Scatter plots for food-related psychology, behavior, and weight change in the hypothalamic damage (HD) and control groups. The unpaired, two-sample Student’s t-test was used for comparing the HD and control groups. (A) Visual analog scale score of satiety. (B) Restrained eating subscale of DEBQ (Dutch Eating Behavior Questionnaire). (C) Total score of DEBQ. (D) Weight gain %. * indicates significance (P<0.05).






Structural MRI: The degree of hypothalamic damage

The HD group showed a significantly lower absolute volume of the hypothalamus (667.63 vs. 782.54, t (58) = −2.351, P < 0.05) and relative volume of the hypothalamus (hypothalamic volume percentage; [hypothalamus volume/total intracranial volume] * 100), indicating significant hypothalamic damage, compared with the control (0.0460 vs. 0.0534, t (58) = −2.017, P < 0.05, Table 2; Figure 3A).


Table 2 | Neuroimaging, psychological, cognitive, and clinical phenotyping of the hypothalamic damage group.






Figure 3 | Hypothalamic damage and whole-brain response to food. Scatter plots for relative hypothalamic volume and brain response difference in the HD and control groups. The unpaired, two-sample Student’s t-test was used for comparing the HD and control groups. (A) Relative volume: hypothalamic volume percentage; (Hypothalamic volume/Total intracranial volume) * 100. (B) Left caudate activation to food image (food > object contrast).






Functional MRI: Brain response to food

The whole-brain analysis revealed that the HD group showed significantly lower activation in the left caudate nucleus, which is associated with reward, emotion, and motivation function (Figure 3B) when they viewed food images (vs. object images). The HD group also showed significantly higher activation in the right occipital gyrus and inferior frontal gyrus in response to food images (vs. object images) compared with the control group (Supplementary Table 1).




Computerized tasks: Food-related cognition

The HD group showed significantly higher food inattention (lapses of attention, omission error %; not responding to the go cue in the Go/NoGo task) than the control group (9.13 ± 8.11 vs. 4.09 ± 4.19, t (56) = 3.00, P = 0.004, Figure 4A). The HD group also showed a trend of higher food inattention (attention bias, reaction time to the go cue in the Go/NoGo task) than the control group (0.50 ± 0.07 vs. 0.47 ± 0.06, t (56) = 1.86, P = 0.075, Figure 4B). No significant group differences were observed in the performance of the dot-probe task.




Figure 4 | Food-related cognition (Go/NoGo task). Scatter plots for the Go/NoGo task results in the HD and control groups. The unpaired, two-sample Student’s t-test was used for comparing the HD and control groups. (A) Group difference in the omission error rate (missing response to the Go trial). (B) Group difference in the reaction time. * indicates significance (P<0.05).






Self-report assessments: Food-related psychological characteristics

The HD group showed a lower satiety VAS score than the control group (2.41 ± 2.03 vs. 4.35 ± 3.01, t (58) = −2.91, P = 0.005, Figure 2A). There were no significant group differences in other psychological and cognitive measurements (Table 2). The HD group showed higher restrained eating behavior (restrained eating score from the DEBQ) than the control group (3.7 ± 0.6 vs. 3.2 ± 0.91, t (58) = 2.47, P = 0.02, Figure 2B). The HD group also showed a trend of higher unhealthy eating behavior (total score from the DEBQ) than the control group (2.81 ± 0.58 vs. 2.52 ± 0.61, t (58) = 1.89, P = 0.06, Figure 2C). There were no significant group differences in other psychological and cognitive measurements (Table 2).




Correlation analysis within the HD group

Since restrained eating was the major abnormal behavior observed in the HD group, further correlation analysis was performed within the HD group. Interestingly, higher restrained eating was significantly associated with lower activation in the left (r = −0.451, P = 0.021, Figure 5A) and right (r = −0.627, P = 0.001, Figure 5A) fusiform gyrus. Additionally, a higher disordered eating attitude was significantly associated with lower activation of the right orbitofrontal cortex (OFC) (r = −0.429, P = 0.029, Figure 5B). Right OFC activation was significantly related to the inhibitory control (commission error rate) (r = 0.439, P = 0.028, Figure 5B). Left hippocampus activation was significantly associated with both attention bias score (r = 0.598, P = 0.0001, Figure 5C) and attention orienting score (r = 0.446, P = 0.022, Figure 5C). Moreover, left hippocampus activation was negatively correlated with weight percent change (r = −0.452, P = 0.02, Figure 5C). Left amygdala activation was significantly associated with attention orienting score (r = 0.410, P = 0.038, Figure 5D).




Figure 5 | Correlation analysis within the HD group. Correlations between eating behavior and the parameter of estimated beta value of ROIs within patients with HD (n = 29) using Pearson product-moment correlation coefficient (two-tailed, P < 0.05). The Y-axis means the activation level of each ROI in food > object contrast. (A) Correlation between the restrained eating score and left/right fusiform gyrus activation. (B) Correlation between the disordered eating attitude (DEBQ total score) and inhibitory control with activation of the right OFC. (C) Correlation between the weight gain and attention scores from the dot-probe scores with left hippocampus activation. (D) Correlation between attention and activation of the left amygdala.






Discussion

To elucidate the multifaceted mechanisms of hypothalamic obesity, we comprehensively performed multiple-dimensional analyses of hypothalamic structural damage, whole-brain response to food images, food-related cognition, food-related psychological characteristics, eating behaviors, and weight gain. Compared with controls, patients with HD showed greater postoperative weight gain, lower neural activation in the left caudate nucleus in response to food images, higher food inattention, lower satiety, and higher restrained eating behavior. Within the HD group, a higher restrained eating behavior was significantly associated with lower activation in the bilateral fusiform gyrus.

Patients with HD showed reduced activation in the left caudate nucleus and increased activation in the occipital gyrus and inferior frontal gyrus in response to food images. This reduced activation in the caudate nucleus, which plays a key role in controlling visual attention and has been linked to attention-deficit hyperactivity disorder (37–39), may explain the lower attention to food observed in the Go/NoGo task.

Moreover, since satiety is closely related to food reward, the present results of lower satiety could be explained by impaired activation of the caudate nucleus, which has a major role in food reward processing (37). The occipital gyrus is well known to be the visual processing center of the brain (38), and the inferior frontal gyrus has been reported to have an important role in visual attention (39). Therefore, it could be concluded that the brain regions with increased activation were associated with processing visual stimuli. In short, these between-group differences suggest that hypothalamic damage could have altered brain function (attention to food images), which could be related to abnormal cognitive and behavioral responses to food and eating.

Patients with hypothalamic damage demonstrated impaired attention to food images and lower satiety. Our results are partly in concordance with previous studies that reported an altered perception of food images (26), increased eating disorder symptoms (7, 9), and less efficient use of executive control processes (12). The lower attention to food could be the major driver of lower satiety (higher hunger) and abnormal eating behavior. Lower attention to eating (i.e., mindless eating) is suggested as one of the major causes of obesity (40, 41). Furthermore, paying attention to food has been proposed to be a better solution for maladaptive eating behaviors (42). These findings suggest that a frequent mindless eating pattern could be a unique pathogenic mechanism of hypothalamic obesity, due to low satiety and low attention to food.

Higher restrained eating behavior was observed in patients with hypothalamic damage. According to previous studies, restrained eating behavior results in binge eating and overeating once food is available (43, 44), which leads to weight gain. A higher restrained eating score has been reported in patients with childhood-onset craniopharyngioma (7, 10, 45). The present study validates these findings and further expands the findings in patients with adult-onset craniopharyngioma.

In patients with hypothalamic damage, brain responses in the fusiform gyrus, OFC, hippocampus, and amygdala correlated with restrained eating, hypothalamic damage, disordered eating attitude, inhibitory control, attention bias, attention orienting, or weight percent change. Higher brain response in the fusiform gyrus was associated with lower restrained eating. This result is consistent with recent reports showing an association between the fusiform gyrus and distorted body image perception among patients with eating disorders (24, 46, 47). The brain response in the OFC was associated with a disordered eating attitude and inhibitory control. The OFC is a well-known brain region related to behavior control (25, 48). The brain response in the hippocampus was associated with weight gain and attention. The hippocampus is well-known to regulate selective attention and energy balance (49, 50). Hippocampal damage may interfere with the inhibition of appetitive and eating behaviors (51). The amygdala is recognized to have an important role in attention and is related to food reward processing (25, 52). These findings provide mechanistic links through which hypothalamic damage could lead to brain network dysfunctions and psychological problems.

The major strength of our study is that it is the first to provide direct evidence to elucidate the mechanism of the link between hypothalamic damage and neural/psychological/behavioral dimensions and health outcomes. Particularly, this study investigated cognitive dysfunctions in patients with craniopharyngioma and endeavored to establish their correlation with psychological and brain dysfunctions. In addition, to the best of our knowledge, this is the only adult-onset craniopharyngioma fMRI study with an adequate control group and a sufficient number of hypothalamic damage patients (compared to a similar previous study with four patients) (26).

Regarding limitations, first, we have used a neuroimaging statistical threshold level (uncorrected P < 0.005) that has been recommended by previous studies (53, 54). This may lead to a probability of false positivity. Second, the present study did not have measurements available of resting energy expenditure or circadian rhythm. Third, we only conducted fMRI scans at the baseline level. We did not assess brain responses related to satiety due to difficulties in controlling the internal state in our outpatient setting. Since the hypothalamus is associated with the internal state, further research is suggested to investigate the association between various eating-related phenotypes and brain responses regarding the internal state. Fourth, since hypothalamic obesity occurs in only around half of the patients who have undergone surgical removal of craniopharyngioma, a considerable proportion of patients with HD shared similar clinical features with the control group. A future study focused on more severe HD patients would provide more severe phenotype results. Finally, the present study was an explorative study to discover hypothalamic obesity-related cognitive and neurofunctional mechanisms using various phenotypes. Therefore, due to multiple comparisons, there is a substantial risk of reporting false-positive results.

In conclusion, this study elucidated that hypothalamic damage could lead to dysfunction in brain regions related to attention and food reward processing and result in food inattention, restrained eating behavior, and weight gain. This understanding of the pathological mechanisms could break new grounds on psycho-behavioral therapeutics targeted for hypothalamic obesity patients.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by the Institutional Review Board of Seoul National University Hospital. The patients/participants provided their written informed consent to participate in this study.



Author contributions

Conception and design: HC, YK and JK. Acquisition of data: ML and M-JP. Analysis and interpretation of data: ML and HC. Drafting of the article: ML and HC. Statistical analysis: ML. Study supervision: KL, JK, YK and HC. All authors contributed to the article and approved the submitted version.




Funding

This work was supported by the National Research Foundation of Korea (NRF 2017R1A2B2008412). This research was supported by a grant of the Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health & Welfare, Republic of Korea (grant number :HI22C1060).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1114409/full#supplementary-material



References

1. Hochberg, I, and Hochberg, Z. Expanding the definition of hypothalamic obesity. Obes Rev (2010) 11(10):709–21. doi: 10.1111/j.1467-789X.2010.00727.x

2. Erfurth, E-M. Diagnosis, background, and treatment of hypothalamic damage in craniopharyngioma. Neuroendocrinology (2020) 110(9-10):767–79. doi: 10.1159/000509616

3. Müller, HL, Tauber, M, Lawson, EA, Özyurt, J, Bison, B, Martinez-Barbera, J-P, et al. Hypothalamic syndrome. Nat Rev Dis Primers. (2022) 8(1):24. doi: 10.1038/s41572-022-00351-z

4. Roth, C. Hypothalamic obesity in patients with craniopharyngioma: Profound changes of several weight regulatory circuits. Front endocrinol (2011) 2:49. doi: 10.3389/fendo.2011.00049

5. Müller, HL. Management of hypothalamic obesity. Endocrinol Metab Clinics. (2020) 49(3):533–52. doi: 10.1016/j.ecl.2020.05.009

6. van Iersel, L, Brokke, KE, Adan, RA, Bulthuis, LC, van den Akker, EL, and van Santen, HM. Pathophysiology and individualized treatment of hypothalamic obesity following craniopharyngioma and other suprasellar tumors: A systematic review. Endocrine Rev (2019) 40(1):193–235. doi: 10.1210/er.2018-00017

7. Daubenbüchel, AM, Özyurt, J, Boekhoff, S, Warmuth-Metz, M, Eveslage, M, and Müller, HL. Eating behaviour and oxytocin in patients with childhood-onset craniopharyngioma and different grades of hypothalamic involvement. Pediatr Obes (2019) 14(9). doi: 10.1111/ijpo.12527

8. Roth, CL. Hypothalamic obesity in craniopharyngioma patients: Disturbed energy homeostasis related to extent of hypothalamic damage and its implication for obesity intervention. J Clin Med (2015) 4(9):1774–97. doi: 10.3390/jcm4091774

9. Hoffmann, A, Postma, FP, Sterkenburg, AS, Gebhardt, U, and Muller, HL. Eating behavior, weight problems and eating disorders in 101 long-term survivors of childhood-onset craniopharyngioma. J Pediatr Endocrinol Metab (2015) 28(1-2):35–43. doi: 10.1515/jpem-2014-0415

10. Roemmler-Zehrer, J, Geigenberger, V, Störmann, S, Ising, M, Pfister, H, Sievers, C, et al. Specific behaviour, mood and personality traits may contribute to obesity in patients with craniopharyngioma. Clin Endocrinol (2015) 82(1):106–14. doi: 10.1111/cen.12523

11. Bogusz, A, Boekhoff, S, Warmuth-Metz, M, Calaminus, G, Eveslage, M, and Müller, HL. Posterior hypothalamus-sparing surgery improves outcome after childhood craniopharyngioma. Endocrine connections. (2019) 8(5):481–92. doi: 10.1530/EC-19-0074

12. Özyurt, J, Lorenzen, A, Gebhardt, U, Warmuth-Metz, M, Müller, HL, and Thiel, CM. Remote effects of hypothalamic lesions in the prefrontal cortex of craniopharygioma patients. Neurobiol Learn memory. (2014) 111:71–80. doi: 10.1016/j.nlm.2014.03.007

13. Conklin, HM, Ness, KK, Ashford, JM, Scoggins, MA, Ogg, RJ, Han, Y, et al. Cognitive performance, aerobic fitness, motor proficiency, and brain function among children newly diagnosed with craniopharyngioma. J Int Neuropsychol Society. (2019) 25(4):413–25. doi: 10.1017/S1355617718001170

14. Flint, A, Raben, A, Blundell, J, and Astrup, A. Reproducibility, power and validity of visual analogue scales in assessment of appetite sensations in single test meal studies. Int J Obes (2000) 24(1):38–48. doi: 10.1038/sj.ijo.0801083

15. Watson, D, Clark, LA, and Tellegen, A. Development and validation of brief measures of positive and negative affect: The PANAS scales. J Pers Soc Psychol (1988) 54(6):1063. doi: 10.1037/0022-3514.54.6.1063

16. Snaith, RP. The hospital anxiety and depression scale. Health Qual Life outcomes. (2003) 1(1):1–4. doi: 10.1186/1477-7525-1-29

17. Van Strien, T, Frijters, JE, Bergers, GP, and Defares, PB. The Dutch eating behavior questionnaire (DEBQ) for assessment of restrained, emotional, and external eating behavior. Int J eating Disord (1986) 5(2):295–315. doi: 10.1002/1098-108X(198602)5:2<295::AID-EAT2260050209>3.0.CO;2-T

18. Gearhardt, AN, Corbin, WR, and Brownell, KD. Development of the Yale food addiction scale version 2.0. Psychol Addictive Behav (2016) 30(1):113. doi: 10.1037/adb0000136

19. Lee, PH, Macfarlane, DJ, Lam, TH, and Stewart, SM. Validity of the international physical activity questionnaire short form (IPAQ-SF): A systematic review. Int J Behav Nutr Phys Activity. (2011) 8(1):1–11. doi: 10.1186/1479-5868-8-115

20. Buysse, DJ, Reynolds, CF III, Monk, TH, Hoch, CC, Yeager, AL, and Kupfer, DJ. Quantification of subjective sleep quality in healthy elderly men and women using the Pittsburgh sleep quality index (PSQI). Sleep (1991) 14(4):331–8. doi: 10.1093/sleep/14.4.331

21. Hong, AR, Lee, M, Lee, JH, Kim, JH, Kim, YH, and Choi, HJ. Clinical implication of individually tailored segmentation method for distorted hypothalamus in craniopharyngioma. Front Endocrinol (2021) 1794. doi: 10.3389/fendo.2021.763523

22. Ashburner, J. Computational anatomy with the SPM software. Magnetic resonance imaging. (2009) 27(8):1163–74. doi: 10.1016/j.mri.2009.01.006

23. Seo, CL, Kim, DY, and Lee, JH. A study on the development of FATIS: Food, alcohol, and tobacco image system. Pers And Individ Dif (2020) 157.

24. Miyake, Y, Okamoto, Y, Onoda, K, Kurosaki, M, Shirao, N, Okamoto, Y, et al. Brain activation during the perception of distorted body images in eating disorders. Psychiatry Research: Neuroimaging. (2010) 181(3):183–92. doi: 10.1016/j.pscychresns.2009.09.001

25. Siep, N, Roefs, A, Roebroeck, A, Havermans, R, Bonte, ML, and Jansen, A. Hunger is the best spice: an fMRI study of the effects of attention, hunger and calorie content on food reward processing in the amygdala and orbitofrontal cortex. Behav Brain Res (2009) 198(1):149–58. doi: 10.1016/j.bbr.2008.10.035

26. Roth, CL, Aylward, E, Liang, O, Kleinhans, NM, Pauley, G, and Schur, EA. Functional neuroimaging in craniopharyngioma: A useful tool to better understand hypothalamic obesity? Obes Facts (2012) 5(2):243–53. doi: 10.1159/000338695

27. Tang, DW, Fellows, LK, Small, DM, and Dagher, A. Food and drug cues activate similar brain regions: A meta-analysis of functional MRI studies. Physiol Behav (2012) 106(3):317–24. doi: 10.1016/j.physbeh.2012.03.009

28. Frank, S, Laharnar, N, Kullmann, S, Veit, R, Canova, C, Hegner, YL, et al. Processing of food pictures: Influence of hunger, gender and calorie content. Brain Res (2010) 1350:159–66. doi: 10.1016/j.brainres.2010.04.030

29. Jasinska, AJ, Yasuda, M, Burant, CF, Gregor, N, Khatri, S, Sweet, M, et al. Impulsivity and inhibitory control deficits are associated with unhealthy eating in young adults. Appetite (2012) 59(3):738–47. doi: 10.1016/j.appet.2012.08.001

30. Meule, A. Reporting and interpreting task performance in go/no-go affective shifting tasks. Front Psychol (2017) 8:701. doi: 10.3389/fpsyg.2017.00701

31. Doolan, KJ, Breslin, G, Hanna, D, and Gallagher, A. Attentional bias to food-related visual cues: Is there a role in obesity? Proc Nutr Soc (2015) 74(1):37–45. doi: 10.1017/S002966511400144X

32. Freijy, T, Mullan, B, and Sharpe, L. Food-related attentional bias. word versus pictorial stimuli and the importance of stimuli calorific value in the dot probe task. Appetite (2014) 83:202–8. doi: 10.1016/j.appet.2014.08.037

33. Johansson, L, Ghaderi, A, and Andersson, G. The role of sensitivity to external food cues in attentional allocation to food words on dot probe and stroop tasks. Eating Behaviors. (2004) 5(3):261–71. doi: 10.1016/j.eatbeh.2004.01.005

34. Kemps, E, Tiggemann, M, and Hollitt, S. Biased attentional processing of food cues and modification in obese individuals. Health Psychol (2014) 33(11):1391. doi: 10.1037/hea0000069

35. Salemink, E, van den Hout, MA, and Kindt, M. Selective attention and threat: Quick orienting versus slow disengagement and two versions of the dot probe task. Behav Res Ther (2007) 45(3):607–15. doi: 10.1016/j.brat.2006.04.004

36. Müller, HL, Gebhardt, U, Teske, C, Faldum, A, Zwiener, I, Warmuth-Metz, M, et al. Post-operative hypothalamic lesions and obesity in childhood craniopharyngioma: results of the multinational prospective trial KRANIOPHARYNGEOM 2000 after 3-year follow-up. Eur J endocrinol (2011) 165(1):17–24. doi: 10.1530/EJE-11-0158

37. Babbs, RK, Sun, X, Felsted, J, Chouinard-Decorte, F, Veldhuizen, MG, and Small, DM. Decreased caudate response to milkshake is associated with higher body mass index and greater impulsivity. Physiol behavior. (2013) 121:103–11. doi: 10.1016/j.physbeh.2013.03.025

38. García-García, I, Narberhaus, A, Marqués-Iturria, I, Garolera, M, Rădoi, A, Segura, B, et al. Neural responses to visual food cues: Insights from functional magnetic resonance imaging. Eur Eating Disord Review. (2013) 21(2):89–98. doi: 10.1002/erv.2216

39. Cazzoli, D, Kaufmann, BC, Paladini, RE, Müri, RM, Nef, T, and Nyffeler, T. Anterior insula and inferior frontal gyrus: Where ventral and dorsal visual attention systems meet. Brain Commun (2021) 3(1):fcaa220. doi: 10.1093/braincomms/fcaa220

40. Wansink, B, and Sobal, J. Mindless eating: The 200 daily food decisions we overlook. Environ Behavior. (2007) 39(1):106–23. doi: 10.1177/0013916506295573

41. Ogden, J, Coop, N, Cousins, C, Crump, R, Field, L, Hughes, S, et al. Distraction, the desire to eat and food intake. Towards an expanded Model mindless eating. Appetite. (2013) 62:119–26. doi: 10.1016/j.appet.2012.11.023

42. Brewer, JA, Ruf, A, Beccia, AL, Essien, GI, Finn, LM, Rv, L, et al. Can mindfulness address maladaptive eating behaviors? why traditional diet plans fail and how new mechanistic insights may lead to novel interventions. Front Psychol (2018) 9:1418. doi: 10.3389/fpsyg.2018.01418

43. Polivy, J. Psychological consequences of food restriction. J Am dietetic Assoc (1996) 96(6):589–92. doi: 10.1016/S0002-8223(96)00161-7

44. Polivy, J, and Herman, CP. Overeating in restrained and unrestrained eaters. Front Nutr (2020) 7:30. doi: 10.3389/fnut.2020.00030

45. Holmer, H, Pozarek, G, Wirfalt, E, Popovic, V, Ekman, B, Bjork, J, et al. Reduced energy expenditure and impaired feeding-related signals but not high energy intake reinforces hypothalamic obesity in adults with childhood onset craniopharyngioma. J Clin Endocrinol Metab (2010) 95(12):5395–402. doi: 10.1210/jc.2010-0993

46. Frank, GK, and Kaye, WH. Current status of functional imaging in eating disorders. Int J Eating Disord (2012) 45(6):723–36. doi: 10.1002/eat.22016

47. Fonville, L, Giampietro, V, Surguladze, S, Williams, S, and Tchanturia, K. Increased BOLD signal in the fusiform gyrus during implicit emotion processing in anorexia nervosa. NeuroImage: Clinical. (2014) 4:266–73. doi: 10.1016/j.nicl.2013.12.002

48. Rolls, ET, Feng, R, Cheng, W, and Feng, J. Orbitofrontal cortex connectivity is associated with food reward and body weight in humans. Soc Cogn Affect Neurosci (2021) 18(1):nsab044. doi: 10.1093/scan/nsab083

49. Martin, AA, and Davidson, TL. Human cognitive function and the obesogenic environment. Physiol behavior. (2014) 136:185–93. doi: 10.1016/j.physbeh.2014.02.062

50. Farr, OM, Chiang-shan, RL, and Mantzoros, CS. Central nervous system regulation of eating: Insights from human brain imaging. Metabolism (2016) 65(5):699–713. doi: 10.1016/j.metabol.2016.02.002

51. Geha, P, Cecchi, G, Todd Constable, R, Abdallah, C, and Small, DM. Reorganization of brain connectivity in obesity. Hum Brain Mapping. (2017) 38(3):1403–20. doi: 10.1002/hbm.23462

52. Vuilleumier, P. “The role of the human amygdala in perception and attention,” in The Human Amygdala, eds P. J. Whalen and E. A. Phelps. (New York: The Guilford Press (2009) 220–249.

53. Roiser, J, Linden, D, Gorno-Tempinin, M, Moran, R, Dickerson, B, and Grafton, S. Minimum statistical standards for submissions to neuroimage: Clinical. NeuroImage: Clinical. (2016) 12:1045. doi: 10.1016/j.nicl.2016.08.002

54. Lieberman, MD, and Cunningham, WA. Type I and type II error concerns in fMRI research: Re-balancing the scale. Soc Cogn Affect Neurosci (2009) 4(4):423–8. doi: 10.1093/scan/nsp052



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Lee, Park, Lee, Kim, Choi and Kim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1114409-g005.jpg
ey

Fusiform gyrus

Hippocampus

L fusiform gyrus activation
(Beta estimates)

L Hippocampus activation
(Beta estimates)

o8-

08

c €
=-0.451* | ¢ k. ° r =-0.627* 2 r=0.429" | 2 r=0.439*
§ ] ]
08 = 2 o 3 os
g 3 3
g7 XToude o % Tos -
0 b R 23
SE [ SE SE
5% £ S oz Sgo
2 Sg Sg
L £3 c8 c8
£s - - 22
o0 - 3 £ 2
2 . 3 w 3 w2 %
. © . . Orbito frontal cortex & S
0.2 ™ 02+ « 04- «© 04+ v
7 7 T B 3 T s 2 3 T 5 L T ]
DEBQ_Restrained eating DEBQ_Restrained eating Disordered eating attitude Fail to Inhibitory control
(DEBQ_Total) (Comission error rate-GoNo task)
058 028 08- L
r=-0452" | _ r=0598*| _ 1 =0.446" r=0.410*
06 o 056 o 06- e L
= = o
Sz Sz 37
o4 F8 o 58 o 28 o4
2 W 2 ) s
gg- £t | §s
§s g 23
88 oo 38 ' y EQ
& a 5
T . H = 2
3 e}
Amygdala 2
"I “ B T S S R | Y Y Y YR S R ve S 4D N B

R EY
Weight gain (%)

Attention bias score
(Dot probe task)

Attention orienting score
(Dot probe task)

Attention orienting score
(Dot probe task)





OEBPS/Images/fendo.2023.1114409_cover.jpg
& frontiers | Frontiers in Endocrinology

Obesity mechanism after hypothalamic
damage: Cohort analysis of neuroimaging,
psychological, cognitive, and clinical
phenotyping data





OEBPS/Images/fendo-14-1114409-g003.jpg
A B
Relative Hypothalamic Volume (%) Brain response to Food Image(HD< Control)

T / N\
\ \

“ ~1 caudate/

\
|

)
-
c3 o
o =
@
0.004 0.006

Relative hypothalmi
volume (%)
0.002

Left caudate activation
(Beta estimates)

0.000

Control HD Control HD





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Obesity mechanism after hypothalamic damage: Cohort analysis of neuroimaging, psychological, cognitive, and clinical phenotyping data

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Participants

          



          		

            Procedures

          



          		

            Psychological measurements

          



          		

            Individually tailored hypothalamus volumetric method

          



          		

            Functional MRI

          

            		

              Image acquisition

            



            		

              Food image perception task

            



            		

              fMRI data analyses

            



          



          



          		

            Computerized cognitive tasks

          

            		

              Go/NoGo task

            



            		

              Dot-probe task

            



          



          



          		

            Statistical analyses

          



        



        



        		

          Results

        

          		

            Demographic and clinical characteristics

          



          		

            Weight change

          



          		

            Structural MRI: The degree of hypothalamic damage

          



          		

            Functional MRI: Brain response to food

          



          		

            Computerized tasks: Food-related cognition

          



          		

            Self-report assessments: Food-related psychological characteristics

          



          		

            Correlation analysis within the HD group

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-14-1114409-g002.jpg
Satiety
_
High 10 In High
- °
8 (XX ] £
Q 2 ©
o (XYY YY) o S
o
2 "3
o b}
- =
2, M E
> a7
oo
&
Low Low
c D
. f = ' i
High & : - High
5 4 F
c
9 = .. .. —
e g s ) .l.-.l g
8 [ [ b [ ] = E
= mg 2
L TPY X 1 J [ | (1)
a 2 :::. ENgmn ;
Low Low

Control HD

Restrained eating

Control HD

Weight gain

*

_






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Hypothalamic

. . . Control
Dimension Phenotype Variables damage
(n=31)
(n=29)
Absolute vol f the hypothal
brolute velumelofithehypothalamus 667.63 +224.50 78260 + 14892 0.022°
Hypothalamic structure Hypothalamic damage (mm)
Relative volume of the hypothalamus (%) 0.0460 + 0.01637 0.0534 £ 0.01085 0.043*
Go/NoGo task
Inattention Go RT (s) 0.50 +0.07 047 + 0.06 0.075
Attention Go errors (%) 9.13 + 8.11 4.09 + 4.19 0.005*
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Food-related cognition
Dot-probe task
Attention bias RT difference (IT — CT) (ms) -1.04 £ 18.39 3.00 £ 21.42 0.437
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Food-related psychology
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Eating behavi
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Mental and physical Depression HADS depression 731371 6.81 + 2.88 0.558
health
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A ) 3,585.70 =
Physical activity TPAQ-sf (total) 4,673.85 + 6,773.40 4,567.46 0.492

Data are expressed as mean + SD or n (%).

RT, reaction time; IT, incongruent trial; CT, congruent trial; N, neutral; DEBQ, Dutch Eating Behavior Questionnaire; DEBQ_R, DEBQ Restrained Eating; DEBQ_Emo, DEBQ Emotional Eating;
DEBQ_Ext, DEBQ External Eating; YFAS, Yale Food Addiction Scale; PANAS, Positive and Negative Affect Schedule; HADS, Hospital Anxiety and Depression Scale; PSQI, Pittsburgh Sleep
Quality Index; IPAQ-sf, Physical Activity Questionnaire (IPAQ) - Short Form. * indicates significance (P<0.05).
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Hypothalamic damage (n Control (n = 31)
Age® 48.00 + 12.77 4877 £13.10 0818
Sex, male, n (%) 16 (55.2) 16 (51.6) 0.782
Follow-up duration (month)® 40.67 + 25.87 23.16 +20.18 0.005*
Preoperative body weight 67.54 £ 12.70 70.5 +13.30 0.383
Preoperative BMI 25.06 + 3.24 2523 +3.14 0.836
Postoperative BMI® 26.88 + 4.32 25.38 +3.54 0.145

Mueller grading, n (%)

0 5(17.2) 25 (80.6)
1 9 (31.0) 5(16.1) 0.000°
2 15 (51.7) 1(32)

Data are expressed as mean + SD or n (%). Hypothalamic damage (HD) group: craniopharyngioma; control group: non-functioning pituitary adenoma. The P-value presented was related to the
unpaired, two-sample Student’s t-test comparing the hypothalamic damage group with the control group. The chi-square P-value presented for sex and Mueller grading.

“Age when our patients participated in this study.

PPeriod between surgery and participation in this study.

“BMI when our patients participated in this study.

* indicates significance (P<0.05).





