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Objective: To detect brain alterations in intensive care unit (ICU) patients who develop delirium using functional magnetic resonance imaging (fMRI) and diffusion tensor imaging (DTI) and to determine their predictive value.Methods: Fifty-two patients who were admitted to the ICU of the Affiliated Hospital of Zunyi Medical University between June 2021 and June 2022 were enrolled. Fifteen patients who were diagnosed with delirium by the Intensive Care Delirium Screening Checklist (ICDSC) after MRI were selected as the delirium group, and 15 healthy volunteers who were examined during the same period served as the control group. Both groups underwent fMRI and DTI. Quantitative fMRI and DTI data were compared between the two groups to detect abnormal structural and functional brain damage. The relationships between MRI outliers and clinical indicators in the delirium group were also assessed.Results: Demographic characteristics and imaging indicators before delirium were not correlated with ICDSC scores after delirium. Compared with the healthy control group, the delirium group had significantly lower regional homogeneity (ReHo) values in the left caudate nucleus and frontal lobe on fMRI. The amplitude of the low-frequency fluctuations (ALFF) values of the delirium group were significantly increased in the hippocampus but significantly decreased in the frontal lobe. Compared with the healthy control group, the delirium group showed reduced mean diffusivity (MD) values, mainly in the right cerebellum and right middle temporal gyrus; reduced radial diffusivity (RD) values, mainly in the anterior cerebellum and right middle temporal gyrus; reduced fractional anisotropy (FA) values, only in the corpus callosum; and reduced axial diffusivity (AD) values, mainly in the anterior cerebellar lobe, right middle temporal gyrus, and left middle frontal gyrus on DTI. The statistical thresholds for quantitative DTI measurements were p < 0.005 at the voxel level and a cluster size > 5.Conclusion: Abnormal resting-state brain activity in the left superior frontal gyrus and structural changes in the frontal lobe, temporal lobe, corpus callosum, hippocampus, and cerebellum were observed in ICU patients who developed delirium during hospitalization. Early-brain fMRI and DTI examinations are recommended for the prediction of delirium according to unique quantitative indicators to facilitate early intervention for critically ill patients, reduce the length of hospital stay, and improve patient prognosis.Keywords: delirium, functional magnetic resonance imaging, diffusion tensor imaging, predictive value, brain imaging
1 INTRODUCTION
Delirium is a form of acute organic brain dysfunction that occurs most often in ICU patients. Patients in the ICU are exposed to numerous risk factors for delirium during treatment of the primary illness. Approximately one-third of critically ill patients in the ICU exhibit delirium, and a much greater prevalence of delirium is found in patients receiving mechanical ventilation [1, 2]. Moreover, the incidence of delirium in hospitalized patients aged over 65 years is approximately 48%, and the postoperative incidence is 15%–50% [3]. To date, several studies have shown that delirium is associated with increased mortality, length of hospital stay (LOS), and cost. In addition, when high-risk groups are considered, such as older individuals and patients on mechanical ventilation, delirium can occur in up to 80% of ICU patients [4]. Fluctuations in attention and cognition are observed in patients with delirium [5], and the clinical manifestations, including delusions, hallucinations, or disorientation due to different causes of injury [6], vary and have long-term effects on the quality of life of patients. Despite the high incidence of delirium, it is often underrecognized clinically. Currently, the clinical diagnosis of delirium is usually verified by delirium assessment tools, including the ICU Delirium Assessment Scale, the Intensive Care Delirium Screening Checklist (ICDSC), and the Delirium Screening Checklist [7]. However, these diagnostic tools are highly subjective, time-consuming, and limited by the patient’s speech, which poses substantial barriers to the early diagnosis of delirium by clinicians and affects the early treatment and prognosis of patients with delirium.
Previous neuroimaging studies of delirium have shown that patients with cortical atrophy, white matter lesions, and ventricle enlargement are at increased risk of delirium [8]. However, the pathophysiological mechanisms of delirium are still poorly understood. Neuroimaging offers a noninvasive method to advance our understanding of the mechanisms of delirium [9]. Delirium can generally be divided into three types: excitatory, inhibited, and mixed [10]. Excitatory delirium is clinically characterized by excitement and mania, and it is easy to identify clinically. However, inhibited delirium is more common than excitatory delirium. Studies have reported that the proportion of patients with inhibited delirium in the ICU is the highest, followed by patients with mixed delirium and patients with excitatory delirium [11]. Inhibited delirium often leads ICU doctors to misjudge the mental state of patients. Usually, these patients are relatively calm, but patients with severe anxiety and hallucinations are unable to properly express their thoughts. As a result, inhibited delirium is often missed; targeted treatment is often delayed or even absent, and the prognosis of patients with inhibited delirium is often worse.
Delirium has been reported to be correlated with the prognosis of ICU patients, and early intervention is effective in reducing pain [6], disability, mortality, and medical costs. Therefore, there is an urgent need for objective auxiliary tools to assist clinicians in the quick and accurate detection of delirium in patients. Functional magnetic resonance imaging (fMRI) and diffusion tensor imaging (DTI) are newly developed imaging techniques that can measure brain function. These techniques have been widely used to study neurological diseases but have rarely been used to examine individuals with delirium. Previous studies have shown abnormal resting-state activity in several brain regions in patients with delirium. To this end, we conducted resting-state fMRI and DTI examinations of ICU patients in our hospital in this single-center, prospective, cohort study and analyzed patients who developed delirium in the middle and late stages of an ICU admission to further explore the changes in patient-specific brain function in regions before delirium occurred. We hoped to provide a theoretical basis for the use of imaging to facilitate the clinical prediction of delirium, increase early diagnosis and treatment, and reduce the impact of delirium on the quality of life of patients.
2 DATA AND METHODS
2.1 Ethics
This study complied with medical ethics standards and was approved by the ethics committee of the Affiliated Hospital of Zunyi Medical University (approval number: KLL-2020-133). All the scanned patients and healthy volunteers were fully informed about the study and volunteered to participate in the present study.
2.2 Study conditions
All imaging scans were performed using the same MRI device (HDxT 3.0 T, GE, USA) at the imaging center of the Affiliated Hospital of Zunyi Medical University under the guidance of specialized technicians.
2.3 Study subjects
From 21 June 2021 to 30 June 2022, 52 patients admitted to the ICU of the Affiliated Hospital of Zunyi Medical University were selected as the study population. All patients underwent fMRI within 72 h after admission to the ICU. Delirium was diagnosed using the ICDSC, which has a total score range of 0–8; scores equal to or greater than 4 indicate clinical delirium. The diagnosis was made by two experienced ICU attending physicians with extensive clinical expertise. All patients included in this study were right-handed based on the Chinese handedness assessment criteria. Healthy volunteers from our hospital during the same period who were matched for age, sex, and educational level with the patients and provided signed informed consent forms indicating their willingness to participate in the study were selected as controls.
2.3.1 Inclusion criteria
The inclusion criteria were as follows: Aged 14–70 years, underwent MRI within 72 h after ICU admission, and had an education level above primary school.
2.3.2 Exclusion criteria
The exclusion criteria were as follows: preexisting neurological and psychiatric disorders or genetic disorders, history of severe hepatorenal or cardiac disorders, presence of metallic medical implants, or deafness or blindness that may affect the outcome of delirium.
2.3.3 Elimination criteria
The elimination criteria were as follows: unwillingness to cooperate with scanning, the use of sedatives, or excessive scan artifacts.
2.4 Data collection
Patient sex, age, education level, and ICDSC score after the occurrence of delirium in the ICU were recorded.
2.5 Image acquisition
A USA (United States) superconducting MRI scanner and skull coil were used. During the scanning process, the subjects were instructed to lie quietly in the supine position, close their eyes, and avoid thinking of anything in particular. Axial T2 fluid-attenuated inversion recovery (FLAIR) images were obtained to rule out organic brain lesions and obvious degradation of white matter. The fMRI parameters were as follows: repetition time (TR) = 2000 m, echo time (TE) = 40 m, slice thickness = 4 mm, slice interval = 0, slice layer = 33, number of slices = 210, field of view (FOV) = 24 cm × 24 cm, number of excitations (NEX) = 1, matrix = 64 × 64, and flip angle = 90°. A total of 6930 images were acquired. The DTI parameters were as follows: TR = 8500 m, TE = 40 m, slice thickness = 4 mm, slice interval = 0, number of slices = 35, FOV = 24 cm × 24 cm, diffusion sensitive gradient (b value) = 0 to 1 000 s/mm2, diffusion sensitive gradient direction = 25, NEX = 1, matrix = 128 × 128, and flip angle = 90°.
2.6 Data processing
2.6.1 Resting-state fMRI data analysis
Slice timing correction: The time information about each layer of each subject’s whole brain (volume) was corrected to eliminate the phase difference of each layer of the time series of each subject. Head motion correction: There was a small amount of head motion caused by the subjects’ breathing and heartbeats during data acquisition. Therefore, using the first volume of each subject as the reference standard, the remaining volume was spatially transformed using a six-parameter rigid body transformation to eliminate any head motion. Average images were generated after head motion correction. Spatial normalization: To conduct item-by-item statistical analysis of one or more datasets, voxelwise alignment was performed on all subjects considering the variations in brain shape and size. The average image obtained after head motion correction served as the source image for estimating registration parameters, using the blood oxygen level-dependent (BOLD) brain template in the Montreal Neurological Institute (MNI) space as the reference standard. Subsequently, spatial transformation employing a 12-parameter affine transformation and nonlinear deformation was applied to align the images after head motion correction with normalization to eliminate intersubject differences. Gaussian smoothing: Following spatial normalization, the data were smoothed using an 8-mm full-width at half-maximum Gaussian kernel to further reduce noise. Statistical analysis involved transforming the data to adhere to a normal distribution. Linear drift elimination: Linear drift during data acquisition was removed. Regression: Signals originating from white matter and cerebrospinal fluid were regressed out to mitigate their influence on gray matter signals. Friston’s 24-motion parameter model regression was performed to eliminate the influence of head motion on the data. Low-frequency filtering: As the signals related to physiological activity were concentrated in the low-frequency band, the data were bandpass filtered at a frequency range of 0.01–0.1 Hz before statistical analysis. Quantitative calculation: Quantitative indicators such as the amplitude of low-frequency fluctuations (ALFF) and regional homogeneity (ReHo) in all subjects were calculated using DPABI software. Quantitative indicator smoothing: Quantitative indicators were smoothed using a 4-mm full-width at half-maximum Gaussian kernel before statistical analysis. Voxel-by-voxel statistical analysis of quantitative indicators: Based on the generalized linear model, statistical analysis models were constructed to analyze the smoothed quantitative data, and voxel-by-voxel statistical analysis was carried out to establish a model for paired-sample t-tests. Correlation analysis of quantitative indicators: The average value of all quantitative indicators in each brain region was extracted according to the 90 ROIs (including the left and right sides) of the Automated Anatomical Labeling (AAL) brain atlas in the MNI space. Correlation analysis was performed with clinical indicators.
2.6.2 DTI data analysis: data transfer
The DICOM data collected by the device were converted to NIFTI format. Data inspection: The quality of the images was checked individually, mainly to ensure the completeness of the data acquisition and the absence of substantial artifacts. Eddy-current correction and head motion correction: the FMRIB Software Library (FSL) was used to correct for eddy-current effects in the acquired DTI data, as well as for the small amount of head motion caused by the subjects’ breathing and heartbeats. Gradient correction: After eddy-current correction, the FSL was used to correct the tensor data. Quantitative calculation: ExploreDTI was applied to calculate quantitative indicators, including mean diffusivity (MD), fractional anisotropy (FA), axial diffusivity (AD), and radial diffusivity (RD). Spatial normalization: To perform item-by-item statistical analysis of one or more sets of data, voxel-by-voxel alignment of all subjects was required, given that the brain shape and size of each subject were different.
With the T2-weighted brain template in the MNI space as the reference standard, the registration parameters were estimated by using the b0 image as the source image after eddy-current correction and head motion correction. Then, spatial transformation of the quantitative indicators of the image was conducted with 12-parameter affine transformation and nonlinear deformation, and the brain images of all subjects were normalized to the template space to eliminate individual differences. Gaussian smoothing: The data were smoothed with an 8-mm full-width at half-maximum Gaussian kernel after spatial normalization to further remove noise. The data were then transformed to follow a normal distribution. Extraction of quantitative indicators: The average values of all quantitative indicators in each brain region were extracted according to the 90 ROIs of the AAL brain atlas in MNI space and the JHU white matter atlas (including the left and right sides) and stored as an MS Excel worksheet. Voxel-by-voxel statistical analysis: Based on the generalized linear model, all quantitative indicators were compared between groups, and the regions with significant differences between groups were identified and stored according to heatmaps and positioning documents. Correlation analysis: A pairwise correlation analysis was performed between all brain regions of all quantitative indicators in the delirium group before and after treatment, and clinical information and p values indicating significant correlations were obtained.
3 RESULTS
3.1 General information and clinical data
Overall, 15 patients were included in the delirium group after scanning. There were eight men and seven women, with an age of 43.40 ± 10.12 years. Fifteen healthy volunteers, including eight men and seven women aged 41.53 ± 4.11 years, composed the control group. There were no statistically significant differences in the numbers of men and women or in the ICDSC scores between the two groups (p > 0.05) (Table 1).
TABLE 1 | Comparison of demographic characteristics and ICDSC scores between patients who developed delirium and healthy volunteers.
[image: Table 1]3.2 Comparison of ALFF values
ALFF values were analyzed to determine the intensity of spontaneous activity in the voxels identified in the delirium group. Compared with the healthy control group, the delirium group exhibited a significant increase in ALFF values on both sides of the hippocampus (all p < 0.05, Gaussian random field [GRF] corrected) and a significant decrease in ALFF values in the frontal lobe (all p < 0.05, GRF corrected) (Figure 1; Tables 2, 3).
[image: Figure 1]FIGURE 1 | Brain regions with abnormal ALFF values in the delirium group. Note: ALFF, amplitude of low-frequency fluctuations; GRF, Gaussian random field. Red indicates brain regions with increased ALFF. Blue indicates brain regions with decreased ALFF.
TABLE 2 | Brain regions with increased ALFF values in patients who developed delirium compared with healthy controls according to resting-state fMRI.
[image: Table 2]TABLE 3 | Brain regions with decreased ALFF values in patients who developed delirium compared with healthy controls according to resting-state fMRI.
[image: Table 3]3.3 Comparison of ReHo values
ReHo values were analyzed to determine the temporal synchronization of local neural activity in the delirium group. Compared with the healthy control group, the delirium group had significantly increased ReHo values in the left brainstem and left medial superior frontal gyrus but significantly decreased ReHo values in the left caudate nucleus and left medial superior frontal gyrus (all p < 0.05, GRF corrected) (Figure 2; Tables 4, 5).
[image: Figure 2]FIGURE 2 | Brain regions with abnormal ReHo values in the delirium group. Note: ReHo, regional homogeneity; GRF, Gaussian random field. Red indicates brain regions with increased ReHo. Blue indicates brain regions with decreased ReHo.
TABLE 4 | Brain regions with increased ReHo values in patients who developed delirium compared with healthy controls according to resting-state fMRI.
[image: Table 4]TABLE 5 | Brain regions with decreased ReHo values in patients who developed delirium compared with healthy controls according to resting-state fMRI.
[image: Table 5]3.4 Comparison of MD
MD values were analyzed to determine the changes in regional brain water content and the regional integrity of the myelin sheath in the delirium group. Compared with the healthy control group, the delirium group had decreased MD values in the right cerebellum and right middle temporal gyrus (all p < 0.05, GRF corrected) (Figure 3; Table 6).
[image: Figure 3]FIGURE 3 | Brain regions with abnormal MD values in the delirium group. Note: MD, mean diffusivity. Blue indicates brain regions with decreased MD.
TABLE 6 | Brain regions with decreased MD values in patients who developed delirium compared with healthy controls according to DTI.
[image: Table 6]3.5 Comparison of RD
RD values were analyzed to determine the regional integrity of the myelin sheaths in the delirium group. Compared with the healthy control group, the delirium group had reduced RD values in the anterior cerebellar lobe and right middle temporal gyrus and did not exhibit any regions with increased RD values (Figure 4; Table 7).
[image: Figure 4]FIGURE 4 | Brain regions with abnormal RD values in the delirium group. Note: RD, radial diffusivity. Blue indicates brain regions with decreased RD.
TABLE 7 | Brain regions with decreased RD values in patients who developed delirium compared with healthy controls according to DTI.
[image: Table 7]3.6 Comparison of FA
Compared with the healthy control group, the delirium group had reduced FA values in the corpus callosum and no areas with no increased FA values (Figure 5; Table 8).
[image: Figure 5]FIGURE 5 | Brain regions with abnormal FA values in the delirium group. Note: FA, fractional anisotropy. Blue indicates brain regions with decreased FA.
TABLE 8 | Brain regions with decreased FA values in patients who developed delirium compared with healthy controls according to DTI.
[image: Table 8]3.7 Comparison of AD
Compared with the healthy control group, the delirium group had reduced AD values in the anterior cerebellar lobe and the left middle frontal gyrus and no regions with no increased AD values (Figure 6; Table 9).
[image: Figure 6]FIGURE 6 | Brain regions with abnormal AD values in the delirium group. Note: AD, axial diffusivity. Blue indicates brain regions with decreased AD.
TABLE 9 | Brain regions with decreased AD values in patients who developed delirium compared with healthy controls according to DTI.
[image: Table 9]4 DISCUSSION
fMRI can provide a visualization of brain structure and function. Unique quantitative indicators widely used to predict clinical disorders, especially delirium-like disorders, can facilitate early diagnosis and intervention, reduce the length of hospital stay, improve patient prognosis, and decrease mortality. Data, including sex, age, and ICDSC score after the onset of delirium, were collected from patients admitted to the ICU; these variables were not correlated with the imaging indicators before the onset of delirium and thus could not predict whether delirium would occur later. Accordingly, objective variables that can be used to predict delirium are urgently needed. With advances in pathophysiological research on clinical diseases and improvements in DTI and fMRI in recent years, delirium has been studied in depth in the medical field, making it possible to predict the occurrence of delirium.
fMRI analysis methods largely focus on describing the synchrony and spontaneity of brain activity. For instance, ReHo has been utilized to detect similarities in activity between adjacent voxels. ReHo is a whole-brain data analysis method based on Kendall’s coefficient of concordance (KCC). The hypothesis proposed by the ReHo method is that brain activity is not shown in a single voxel unit but rather in the form of multivoxel clusters or brain regions. This method uses KCC to measure the synchronization of a particular voxel and its 26 adjacent voxel time series to obtain the KCC map of the whole brain. ALFF can indirectly reflect neuronal activity and describe the intensity of spontaneous voxel activity by calculating the average value of the amplitude at all frequency points within 0.01–0.08 Hz. These two characteristics are the main features of resting-state imaging. In this study, the ALFF and ReHo values in the delirium group were lower than those in the healthy control group prior to the onset of delirium. A previous study showed that the frontal lobe is highly correlated with higher-order functions, such as emotion regulation, cognition, decision making, and executive function [12]. The human prefrontal cortex supports cognitive control, the ability to generate behavioral strategies to coordinate actions and thoughts to achieve internal goals [13]. Lower BOLD signals in the frontal lobe during spontaneous activity and reduced ReHo may impair human emotion regulation, leading to thought disturbances and calculation errors. The results of this study suggest that patients who develop delirium have substantially decreased spontaneous neuronal activity in the frontal lobe compared with healthy volunteers, which is consistent with the findings from the above study. Damage to the left caudate nucleus might be implicated in delirium, as confirmed in our previous study, and thus could lead to the subsequent occurrence of delirium [14]. In this study, the synchronization of neural activity in the left caudate nucleus started to decrease prior to the occurrence of delirium, and activity in brainstem regions was not coordinated, which suggests that this variable may predict the risk of delirium. It was also found that ReHo was increased in the brainstem and that brain connectivity was reduced before the occurrence of delirium, which suggests that these changes may be neural correlates of delirium [15]. Moreover, the ALFF values of the bilateral hippocampus in the delirium group were greater than those in the healthy control group, indicating the involvement of impaired hippocampal function in the occurrence of delirium from an imaging perspective. In addition, animal experiments have demonstrated that the loss of E4bp4 in the hippocampus, which leads to circadian rhythm disturbance, is the basis of the cognitive decline associated with delirium. Pharmacological intervention was shown to affect neuronal activity in the hippocampus and, in turn, cause memory and attention deficits [16]. Taken together, the above findings suggest that impaired hippocampal function is the pathophysiological basis of delirium.
The hippocampus is thought to be strongly associated with consciousness and memory formation [17]. This belief is consistent with our present findings that impaired hippocampal function is involved in the development of delirium. Additionally, we revealed a significant difference in the intensity of spontaneous activity in the hippocampus between the delirium group and the healthy control group, which may provide a foundation for future research on delirium.
The concept of DTI was proposed by Basser et al. in the mid-1990s and has become an important technique in functional magnetic resonance imaging. DTI can further reflect tissue integrity by providing information on the spatial composition of living tissues and water exchange among tissue components under pathological conditions [18]. The MD value is obtained by summing and averaging the three dispersion directions along and perpendicular to the fiber. When a lesion affects brain structure, the integrity of the brain tissue is disrupted, as evidenced by MD, which reflects brain water content and myelin integrity [19]; AD, which reflects axonal integrity; and RD, which reflects myelin integrity. In our study, MD values in the right cerebellum and RD and AD values in the anterior cerebellar lobe were lower in the delirium group before the occurrence of delirium than in the healthy control group, suggesting that the integrity of cerebellar myelination and axons was impaired. This result is consistent with that of another study that identified a strong correlation between dyskinesia and disrupted integrity of cerebellar myelination and axons in patients with delirium [20]. Moreover, neuropsychological and neuroimaging studies have shown that greater cortical function is generally impaired in patients with delirium, particularly in the nondominant prefrontal cortex, frontal cortex, and temporoparietal cortex [21]. Neuronal degeneration and damage to the fiber tract were also observed in the present study; specifically, MD values in the right middle frontal gyrus of the nondominant hemisphere were decreased in the delirium group. FA mainly describes the longitudinal dispersion characteristics of a specific brain region along the direction of the fibers, and a decrease in FA reflects damage to white matter fiber integrity. In our study, FA values in the corpus callosum before the occurrence of delirium were significantly lower in the delirium group than in the healthy control group. Considering that the corpus callosum is the largest commissural fiber network in the brain, disrupted integrity of nerve fibers in the corpus callosum may be the structural basis for subsequent cognitive impairments and personality changes in patients. The corpus callosum is considered the control center for personality abnormalities and cognitive dysfunction; one possible reason is that microstructural changes occur in the upper longitudinal tract following cortical degeneration in patients with delirium, which further leads to various degrees of acute personality abnormalities and cognitive dysfunction [22]. Therefore, the altered FA values of the corpus callosum in the patients who developed delirium observed in our study are consistent with the above studies. Overall, DTI can predict the occurrence of delirium by allowing the direct measurement of the number and integrity of nerve fibers and can reveal the severity of the disease according to patient imaging parameters. Regarding DTI parameters, FA and MD values indicated microstructural damage in multiple brain regions of patients who later developed delirium, and there appeared to be correlations between microstructural damage in different brain regions and the occurrence of delirium. In particular, structural damage to the cerebellum in the same brain region with reduced MD, RD, and AD values seemed to be more closely correlated with the occurrence of delirium.
The main limitation to this study was its relatively small sample size. Further studies with larger sample sizes are required to perform subgroup analyses according to delirium type, such as hyperactive, hypoactive, and mixed types. In addition, the current design of this study does not allow us to establish a true “cause/effect” relationship between delirium and a particular factor.
5 CONCLUSION
In summary, the abnormal resting-state activity of the left superior frontal gyrus in ICU patients was strongly associated with the subsequent occurrence of delirium. Structural changes and functional abnormalities in the frontal lobe, temporal lobe, corpus callosum, hippocampus, and cerebellum may be preliminary imaging indicators for the prediction of delirium. For patients with delirium, early identification and intervention are recommended to avoid loss of independence and decrease medical costs and mortality risks.
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