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Objective Assessment of Hyposmia in Alzheimer's Disease From Image and Behavior by Combining Pleasant Odor With Unpleasant Odor
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Background: Olfactory functional magnetic resonance imaging (fMRI) of responses to a pleasant odor (PO) (lavender) can objectively evaluate olfactory dysfunction in Alzheimer's disease (AD) patients. The brain responses to a PO and unpleasant odor (UPO) were shown to differ in normal young people. Whether AD patients with olfactory dysfunction have the same brain response is not yet known.

Objective: Our aim was to explore whether olfactory fMRI with both a PO and UPO can provide more information regarding olfactory impairment in AD than a PO alone.

Methods: Twenty-five normal controls (NC), 26 individuals with mild cognitive impairment (MCI), and 22 AD patients underwent olfactory fMRI with lavender and pyridine odorants at three concentrations (0.10, 0.33, and 1.00%) with a 3.0-T MRI scanner.

Results: There were no differences in the number of activated voxels in the primary olfactory cortex (POC) between PO and UPO conditions in the NC, MCI, and AD groups (SPM, paired t-test, uncorrected p < 0.001, extent threshold = 70). In the right inferior frontal gyrus, orbital part (F3O), the number of activated voxels was greater with the UPO than with the PO in the NC group (SPM, paired t-test, uncorrected p < 0.001, extent threshold = 70), but there were no differences in the MCI and AD groups. Regardless of PO or UPO conditions, there were significant differences in the number of activated voxels in the POC among the NC, MCI, and AD groups. With increasing odor concentration, the number of activated voxels in the POC decreased in the NC group but increased in the AD group. When 0.10% UPO was presented, the NC group (21/25) showed a lower breathing amplitude and shorter inhalation time, whereas the AD patients (0/22) did not show such changes in breathing.

Conclusions: After PO and UPO inhalation, brain activation and respiratory behavior in AD patients were significantly different than in NC patients. Therefore, olfactory fMRI using both PO and UPO stimulation, compared with PO stimulation only, can provide more objective information regarding hyposmia associated with AD based on imaging and behavior.
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INTRODUCTION

It is a well-established fact that Alzheimer's disease (AD) is the most common dementia and is subdivided into typical and atypical AD (1). Typical AD mainly manifests as memory dysfunction, and atypical AD includes posterior cortex atrophy, a logopenic variant of primary progressive aphasia, and a frontal variant of AD. Studies (2–4) have shown that olfactory disorder is one of the early clinical manifestations and may be one of the important markers for screening early typical AD (5, 6). Commonly used clinical methods for detecting olfactory function include the University of Pennsylvania Smell Identification Test (7–10), Sniffin' Sticks (11–13), T&T (14–16), and so on, which are relatively easy to use but obviously subjective. However, functional magnetic resonance imaging (fMRI), as a new imaging method, has been shown to objectively detect olfactory function (17). Olfactory fMRI studies using a pleasant odor (PO) (lavender) in normal elderly, individuals with mild cognitive impairment (MCI), and AD patients by Zhang et al. (18) found significant differences in the primary olfactory cortex (POC), with significantly more activated voxels in normal elderly individuals than in MCI and AD patients. Meanwhile, the activation patterns in the POC showed that normal elderly individuals had olfactory adaptation, but AD patients did not. In other words, olfactory fMRI reflected impairments in olfactory function caused by pathological changes in AD.

Previous olfactory fMRI studies have shown that the POC (19) and orbitofrontal cortex (20, 21) are involved in olfactory identification. There were significant differences in the activation of the above brain regions in normal young people when a PO and an unpleasant odor (UPO) were inhaled. The activation caused by the UPO was more significant than that caused by the PO. There is a lack of reliable research evidence that explores whether AD patients with olfactory dysfunction have the same brain responses. Previous studies (17, 18, 22, 23) using olfactory fMRI with AD patients have used PO (lavender), but there has been no published evidence of brain activation with a UPO in AD patients with olfactory impairment. Because of pathological depositions (neurofibrillary tangles and senile plaques) deposited in the POC (24, 25), olfactory function, including olfactory perception and identification ability, of AD patients is impaired in the early stages (26, 27). With the progression of disease, there are extreme situations where fragrances and stenches cannot be distinguished, which indicates that the patient's olfactory identification ability is seriously damaged, and perhaps, the function is lost. Therefore, we hypothesized that there may be “less difference” or even “no difference” in the relevant brain regions involved in olfactory identification (such as the POC and orbitofrontal cortex) when comparing the PO and UPO fMRI results due to the impaired olfactory identification ability of AD patients.

In addition, normal people easily accept smelling a PO, which does not affect respiratory behavior, whereas smelling a UPO results in resistance and subconscious respiratory adjustments. The difference in breathing behavior of normal people after inhaling a PO or UPO reflects normal olfactory identification function. In AD patients, because of impaired olfactory function, the ability to distinguish PO and UPO may decrease. To prove this point, we hypothesized that breathing behavior in AD patients might differ from that in normal controls (NCs) when inhaling a PO and UPO.

In this study, NC, MCI, and AD subjects underwent PO and UPO fMRI to confirm our hypothesis and to explore whether the combination of PO and UPO fMRI, compared with PO alone, can provide more objective information regarding AD patients with olfactory impairment.



MATERIALS AND METHODS


Subjects

This study was approved by the local institutional review board, and all patients signed informed consent forms. The MCI and AD patients included in this experiment were treated in the outpatient clinic of a single-center hospital from July 2015 to December 2016. All subjects were subjected to standardized neuropsychological tests that included the Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA), Clinical Dementia Rating (CDR) scale assessment, and associated history collection. AD patients met the typical AD diagnostic criteria in the new AD diagnostic criteria [the international working group (IWG-2) criteria] (1). Based on Peterson criteria (28), the inclusion criteria for patients with amnestic MCI were as follows: (1) complaints of decreased memory; (2) MMSE score >24 points, MoCA score <26 points, and CDR score of 0.5. The exclusion criteria were as follows: (1) other central and peripheral diseases affecting olfaction, namely, brain trauma, cerebrovascular disease, schizophrenia, Parkinson disease, depression, psychotropic drug users, active sinusitis, smokers, and respiratory tract obstruction; (2) contraindications against or claustrophobia with the MRI examination; and (3) failure to cooperate or poor MRI image quality. These subjects were selected by neurology experts with 20 years of working experience based on the above criteria.

A total of 99 subjects were enrolled, all right-handed, including 11 individuals with other central and peripheral diseases affecting olfaction, 2 individuals with claustrophobia, and 13 individuals who failed to cooperate during the examination or had poor image quality. Finally, 73 subjects were enrolled, including those assigned to the NC group (n = 25, 67.10 ± 6.53 years), MCI group (n = 26, 67.04 ± 6.95 years), and AD group (n = 22, 68.41 ± 6.61 years).



Olfactory fMRI Design

An olfactory stimulator (Emerging Tech Trans, LLC, Hershey, PA, USA) was used to present odorants and to monitor and record the breathing movements of subjects. It mainly includes three parts: (1) the main chassis includes file management, experimental mode setting, and manual controls; (2) a pipeline (Teflon hose) and multichannel valve control system, in which the flow rate is controlled at 6 L/min, and the gas in the pipeline can be quickly delivered and removed; (3) the odor sources, in particular, six groups of odor sources, were placed at the end of the stimulator pipeline.

The odorants included lavender oil (17) and pyridine (29). Lavender oil is a PO, diluted by 1,2-propanediol to 0.10, 0.33, and 1.00% concentrations; pyridine is a UPO, diluted by distilled water to the same concentrations as the PO; both odorants are volatile liquid preparations. These odorants can cause significant olfactory central nervous system activity, and a small amount of inhalation has no toxic side effects on the subjects.

We conducted two olfactory stimulation tasks. The first task involved the delivery of lavender, and 25 min later, the second task involved the delivery of pyridine. Each olfactory stimulation task included an initial 6-s delivery of the odorant followed by 30 s of clean odorless air. Each concentration was presented three times in succession, beginning with the weakest concentration (Figure 1). Before the experiment, the subjects were not trained to be familiar with the stimulus paradigm but were told only that they would smell the odor during the scanning process and instructed to keep their head and body motionless during the whole examination process. During the two stimulation tasks, the image acquisition and odor presentation were synchronized, and the subjects' breathing process was recorded.


[image: Figure 1]
FIGURE 1. Olfactory stimulation mode. Each odor lasted for 6 s, followed by 30 s of clean odorless air; 0.10, 0.33, and 1.00% odors were used in the first three, second three, and third three stimulus, respectively. PO was presented first; UPO was presented after a rest for 25 min.




Imaging Protocol

The imaging data were acquired on a Siemens Trio Tim 3.0-T magnetic resonance scanner with a 12-channel head coil. A blood oxygen level–dependent (BOLD) signal-sensitive T2*-weighted echo planar imaging sequence was used to acquire functional data with the following parameters: slice number = 36, repetition time (TR)/echo time (TE)/flip angle (FA) = 2,000 ms/30 ms/90°, field of view (FOV) = 230 × 230 mm, matrix = 64 × 64 mm, slice thickness = 4 mm, and acquisition time (TA) = 6 min 2 s. T1-weighted images with 1-mm isotropic resolution were acquired with the magnetization-prepared rapid acquisition gradient echo (MPRAGE) method: TR/TE/FA = 2,000 ms/2.26 ms/9°, FOV = 256 × 256 mm, matrix = 256 × 256 mm, slice number = 192, voxel size = 1 × 1 × 1 mm, and TA = 6 min 48 s.



fMRI Data Processing

Imaging data were analyzed utilizing Statistical Parametric Mapping (SPM8, Wellcome Trust Centre for Neuroimaging, University College London, UK). The first 10 images of each fMRI raw data set were discarded to remove the initial transit signal fluctuations. The subsequent images were processed: slice timing; realignment (subjects with over 1.5 mm panning in 3D and rotation of over 1.5 degrees were excluded), normalization (functional images with voxels of 3 × 3 × 4 mm and T1-weighted high-resolution anatomical images with voxels of 1 × 1 × 1 mm were registered, and then structural images after registration were segmented and normalized into standard space), and Gaussian smoothing (full width at half maximum was [8 8 8]). An SPM was generated for each subject under each odorant concentration condition by fitting the stimulation paradigm to the functional data convolved with a hemodynamic response function and time derivative. The voxels of the active structures were overlaid on the 3D T1-weighted anatomical image in Montreal Neurological Institute (MNI) coordinates. The POC and orbitofrontal cortex were selected as regions of interest (ROIs). Based on the method of Wang et al. (17) and Vasavada et al. (22), the POC (Figure 2) was outlined, including the anterior olfactory nucleus, olfactory tubercle, piriform cortex, anterior portion of the periamygdaloid cortex and amygdala, and anterior perforated substance. In the standard MNI space, the central MNI coordinates of the bilateral POC were (−24, 0, −17) and (24, 0, −17). As the two odors were paired and compared within the same individuals, the individual differences in the POC were eliminated. The orbitofrontal cortex included the following regions extracted from the automated anatomical labeling template (30): the superior frontal gyrus, orbital part (F1O); superior frontal gyrus, medial orbital part (F1MO); middle frontal gyrus, orbital part (F2O); and inferior frontal gyrus, orbital part (F3O) (Figure 3).


[image: Figure 2]
FIGURE 2. Bilateral primary olfactory cortex (POC). The central MNI coordinates are (−24, 0, −17) and (24, 0, −17).



[image: Figure 3]
FIGURE 3. Bilateral orbitofrontal cortex. The red part is superior frontal gyrus, orbital part; the pink part is superior frontal gyrus, medial orbital; the green part is middle frontal gyrus, orbital part; the blue part is inferior frontal gyrus, orbital part. R, right.




Breathing Behavior of Subjects Recorded by the Olfactory Stimulator

The respiratory results recorded by the olfactory stimulator were copied to the computer, the respiratory amplitude value per millisecond of exposure to the two odors was extracted, and the curves for respiratory amplitude were drawn, which can be summarized as follows: (1) there was no obvious respiratory change (Figure 4A); (2) there were obvious respiratory changes that included an inspiratory process during odor stimulation or the first inspiratory process after the stimulation that involved a short ventilation period followed by a significant decrease in the breathing amplitude, shortened inhalation time, and gradual return to normal (Figure 4B). The changes in the respiratory amplitude curves among the three groups are listed in Table 1.


[image: Figure 4]
FIGURE 4. The change form of respiratory amplitude curve. The X-axis represents respiratory time; the Y-axis represents respiratory amplitude (RA) value, and the black dots represent the values of RA per ms. (A) Represents the first respiratory form with no significant respiratory change, whereas (B) represents the second respiratory form with short ventilation during inspiration, followed by decrease in the breathing amplitude, shortening the inhalation time, and gradually getting their breath back.



Table 1. The respiratory amplitude curve form of subjects among three groups under PO and UPO.
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Statistical Analysis

The statistical software SPSS 19.0 and SPM8 were used. One-way analysis of variance was used to compare demographic information and neurocognitive test results (p < 0.05). The ROI activations during olfactory fMRI under PO and UPO conditions were compared using SPM (paired t-test, uncorrected p < 0.001, extent threshold = 70) and Kruskal–Wallis rank sum test (p < 0.05) followed by Bonferroni post-hoc tests among the three groups. Regression analysis was used to confirm the correlation between the number of activated voxels in the ROIs and the MMSE and MoCA scores. We used χ2-tests to assess the differences in sex and breathing behavior among the three groups (p < 0.05).




RESULTS


Demographics of the Participants

The demographic information and neurocognitive test (MMSE and MoCA) results for the three groups are shown in Table 2. There were no differences between the patient groups and NCs in age, sex, or education level. However, as expected, the MCI and AD patients scored significantly lower than the NCs on the MMSE and MoCA.


Table 2. Demographic information and neurocognitive tests.
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ROI Activation

Paired t-tests for the comparison between the PO and UPO showed that there were no differences in the number of activated voxels in the POC in the NC group, MCI group, and AD group (SPM, uncorrected p < 0.001, extent threshold = 70). In the orbitofrontal cortex, there was a significant difference in the number of activated voxels in the right F3O in the NC group, the number of activated voxels in the UPO group was greater than that in the PO group, and there were no significant differences between groups in the F1O, F1MO, and F2O (SPM, paired t-test, uncorrected p < 0.001, extent threshold = 70) (Figure 5A). In the MCI group and AD group, F1O, F1MO, F2O, and F3O showed no significant differences (Figures 5B,C). Table 3 provides a summary of some activated cluster locations and sizes in the NC group.


[image: Figure 5]
FIGURE 5. The average brain activation map for the UPO higher than PO in the NC, MCI, and AD groups (paired t-test, uncorrected p < 0.001, extent threshold = 70). (A–C) Are NC, MCI, and AD, respectively.



Table 3. Brain activated regions responding to the UPO higher than PO in NC.
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POC Activation Under Low, Medium, and High Concentrations

Table 4 shows the number of activated voxels in the POC under three concentrations of the PO and UPO among the three groups. The intergroup comparison showed that there were differences in the number of activated voxels among the NC, MCI, and AD groups at 0.10, 0.33, and 1.00% concentrations, regardless of whether the PO or UPO was used (PO: p = 0.000, 0.000, 0.028; UPO: p = 0.000, 0.000, 0.033, respectively).


Table 4. Comparison of activated voxel of primary olfactory cortex (POC) in three groups under two odors.

[image: Table 4]

Using Bonferroni post-hoc tests to correct the significance level, the following comparisons were made: at the 0.10% concentration of the PO, the NC and MCI groups (p = 0.038) and the NC and AD groups (p = 0.000) were different, and the MCI and AD groups (p = 0.098) showed no difference; at the 0.33% concentration of the PO, the NC and MCI groups (p = 0.038) and the NC and AD groups (p = 0.000) were different, and the MCI and AD groups (p = 0.134) showed no difference; and at the 1.00% concentration of the PO, the NC and MCI groups (P = 1.000) and the NC and AD groups (p = 0.070) showed no difference, and the MCI and AD groups (p = 0.048) were different.

At the 0.10% concentration of the UPO, the NC and MCI groups (p = 0.045) and the NC and AD groups (p = 0.000) were different, and the MCI and AD group (p = 0.072) showed no difference; at the 0.33% concentration of the UPO, there were differences between the MCI and AD groups (p = 0.038) and the NC and AD groups (p = 0.000) with no difference between the NC and MCI groups (p = 0.425); and at the 1.00% concentration of the UPO, there were no differences between the NC and MCI groups (p = 1.000) and the MCI and AD groups (p = 0.137), and there was a difference between the NC and AD groups (p = 0.038).

The intragroup comparisons showed that with the gradual increase in PO concentration, the number of activated voxels in the NC group first increased and then decreased, and the number of activated voxels in the MCI group and AD group gradually increased; with the gradual increase in UPO concentration, the number of activated voxels in the NC group gradually decreased, and the number of activated voxels in the MCI group and AD group gradually increased.



Correlations Between Neurocognitive Test Results and the Number of Activated Voxels in the ROI


Correlations Between the Number of Activated Voxels in the POC and the MMSE and MoCA Scores

The correlations between the number of activated voxels in the POC and the MMSE and MoCA scores in the PO and UPO conditions are shown in Figures 6A–D. The number of activated voxels in the POC was correlated with MMSE scores (PO: r = 0.394, p = 0.005; UPO: r = 0.350, p = 0.014). The number of voxels was related to MoCA scores (PO: r = 0.344, p = 0.015; UPO: r = 0.311, p = 0.030). MMSE scores in the AD group mainly ranged from 10 to 20, and MoCA scores mainly ranged from 8 to 20.


[image: Figure 6]
FIGURE 6. (A–D) The correlations between the number of activated voxels in the POC and the MMSE and MoCA scores in the PO and UPO conditions. (A) There was a significant correlation between the number of POC activated voxels and the MMSE scores under PO (r = 0.394, p = 0.005). (B) There was a significant correlation between the number of POC activated voxels and the MMSE scores under UPO (r = 0.350, p = 0.014). (C) There was a significant correlation between the number of POC activated voxel and the MoCA scores under PO (r = 0.344, p = 0.015). (D) There was a significant correlation between the number of POC activated voxel and the MoCA scores under UPO (r = 0.311, p = 0.030).




Correlations Between the Number of Activated Voxels in the Right F3O and the MMSE and MoCA Scores

The correlations between the number of activated voxels in the right F3O and the MMSE and MoCA scores in the PO and UPO conditions are shown in Figures 7A–D. The number of activated voxels in the right F3O was correlated with MMSE scores (PO: r = 0.363, p = 0.010; UPO: r = 0.480, p = 0.000). The number of voxels was related to MoCA scores (PO: r = 0.298, p = 0.037; UPO: r = 0.460, p = 0.001).


[image: Figure 7]
FIGURE 7. (A–D) The correlations between the number of activated voxels in the right F3O and the MMSE and MoCA scores in the PO and UPO conditions. (A) There was a significant correlation between the number of right F3O activated voxels and the MMSE scores under PO (r = 0.363, p = 0.010). (B) There was a significant correlation between the number of right F3O activated voxels and the MMSE scores under UPO (r = 0.480, p = 0.000). (C) There was a significant correlation between the number of right F3O activated voxels and the MoCA scores under PO (r = 0.298, p = 0.037). (D) There was a significant correlation between the number of right F3O activated voxels and the MoCA scores under UPO (r = 0.460, p = 0.001).





Comparison of Respiratory Behavior in the PO and UPO Conditions Among the Three Groups

When the PO was presented, most subjects in the NC and MCI groups had no significant respiratory behavior changes, with the exception of a few subjects who had respiratory behavior changes at medium and high concentrations (0.33 and 1.00%); all subjects in the AD group did not show significant respiratory behavior changes at the three concentrations. Most of the subjects in the NC and MCI groups changed their respiratory behavior when they were stimulated by the UPO. The difference was that most of the subjects in the NC group changed their respiratory behavior at low concentrations (0.10%), whereas most of the subjects in the MCI group showed similar behavior changes at medium and high concentrations. Approximately two-thirds of the subjects in the AD group did not change their respiratory behavior at any of the three concentrations, and one-third of the subjects showed respiratory behavior changes at the 0.33 and 1.00% concentrations.

Comparisons of the respiratory behavior of subjects among the three groups were performed with χ2-tests. As there were many cells with a theoretical frequency of <1 during PO stimulation (Table 1), the respiratory behavior with PO stimulation was tested using Fisher exact test. The respiratory behavior of the three groups under PO stimulation showed no significant difference (χ2 = 5.108, p = 0.074), but there were significant differences in the behavioral changes in the three groups under UPO stimulation (χ2 = 31.275, p = 0.000). In addition, pairwise comparisons showed that there were significant differences between the NC and MCI groups (χ2 = 7.209, p = 0.027) and between the NC and AD groups (χ2 = 23.794, p = 0.000). There was also a significant difference between the MCI and AD groups (χ2 = 15.520, p = 0.000).




DISCUSSION

By comparing olfactory fMRI and respiratory behavior results following stimulation by a PO and UPO, we found that the NCs and patients (MCI and AD) showed different patterns of activation in the POC and right F3O, and the changes in respiratory behavior among the NC, MCI, and AD groups were significantly different. These results indicated that stimulation by both the PO and UPO in olfactory fMRI can provide more information for the objective assessment of olfactory impairments associated with AD.

Neuropathological studies (24, 31–33) have confirmed the typical pathological changes in AD, such as neurofibrillary tangles and senile plaques, which appear in the POC at the early stage and then gradually involve other brain regions. This is the pathological basis of early olfactory dysfunction in AD patients. By using a PO (lavender) olfactory fMRI to investigate normal elderly individuals and AD patients, Wang et al. (17) found that the degree of POC activation in AD patients was significantly poorer than that in normal elderly individuals, and only a small amount of activation occurred under the stimulation conditions with the highest concentration. This result indicated that PO stimulation in fMRI can reflect the damaged state of the POC in AD patients. Regardless of whether the stimulation was by the PO or UPO, our study found that the number of activated voxels in the POC in the MCI and AD groups was significantly lower than that in the NC group, which indicated that UPO stimulation in olfactory fMRI can also reflect the damaged state of the POC in AD patients.

With PO (phenylethyl alcohol) stimulation in olfactory fMRI with healthy subjects, Poellinger et al. (34) found that a long period of continuous or repetitive odor stimulation can cause olfactory adaptation, which was manifested as changes in activation with increases in the time of odor stimulation: eventually, POC activation no longer increased and even decreased. In our study, the subjects were repeatedly stimulated with different concentrations of PO and UPO. The results showed that when the NC group was stimulated by the PO, as the concentration increased, the degree of POC activation first increased and then decreased, indicating that there was olfactory adaptation in the NC group. The degree of POC activation in the MCI and AD groups showed an increasing trend, indicating that olfactory adaptation had disappeared in the MCI and AD groups, which was in accordance with the results of Zhang et al. (18). The existence of olfactory adaptation may reflect that the NCs had a normal olfactory identification function. Decreases in this olfactory identification function in the MCI and AD patients led to a decrease or loss in olfactory adaptation. In our experiment, we found that olfactory adaptation also occurred when individuals were exposed to UPO (pyridine). However, this phenomenon was not exactly the same as that observed with the PO stimulation. With increases in UPO concentration, the level of POC activation in the NC group decreased, with activation levels being the highest with stimulation by the lowest concentration; the MCI and AD groups continued to show an increasing trend with increases in concentration. Compared with the findings on the PO, the NC group showed a higher activation level at low concentrations of the UPO, which may be related to the following factors: (1) the olfactory adaptation caused by the UPO was more sensitive than that caused by the PO; (2) the UPO can cause discomfort in human body. A higher concentration of UPO may cause subconscious respiratory behavior changes in NC subjects with normal olfaction, resulting in a decrease in inhaled gas. Moreover, with increases in UPO concentration, MCI and AD patients did not show olfactory adaptation, and also the number of activated voxels in the POC gradually increased; this may be the objective fMRI evidence in MCI and AD patients showing no distinction between fragrances and stenches.

Interestingly, when the PO and UPO were presented, the horizontal comparison between the NC, MCI, and AD groups showed a difference in the number of activated voxels in the POC, but a paired analysis of PO and UPO showed that the differences in the POC disappeared. We considered two possible reasons: first, the horizontal comparison was a direct intergroup comparison, and the paired analysis was used to subtract the two odor results within an individual, and then these were compared among the three groups. Second, because the main function of the POC is to perceive odor (35), regardless of whether a PO or UPO was used, the POC can be activated, and the paired analysis of the PO and UPO may have caused the difference to disappear.

It was reported that (21, 36–38) the orbitofrontal cortex was significantly activated during tasks involving familiarity, hedonism, and intensity of odor, which are considered to be the last step of odor identification. In addition, activation of the F3O has been associated with UPO stimulation (39). In this study, a paired analysis of the PO and UPO showed that the NC group had a statistically significant difference in the number of activated voxels in the right F3O, whereas there were no significant differences in this cerebral region in the MCI and AD groups, which might indicate that olfactory conduction and identification ability remained normal in the NC group and might be impaired in the MCI and AD groups. This study found for the first time differences in the right F3O between normal elderly individuals and patients with MCI and AD. This was the result of a paired analysis of PO and UPO stimulation. Therefore, the right F3O may be an important brain area for the evaluation of olfactory identification, and the use of both a PO and UPO can better analyze the functional state of this brain area. Remarkably, previous study (40–42) showed that the orbitofrontal cortex was the secondary olfactory center that received projections from the POC with olfactory information. Therefore, although we found a difference in the right F3O between the NC group and the patient groups, we still cannot determine whether it is caused directly by the invasion of hallmark pathological deposits in this region or due to the impaired olfactory function of the POC, leading to functional disconnection of the secondary olfactory cortices; further confirmation is needed.

Studies (17, 18) have found that there was a correlation between the number of activated voxels in the POC and neurocognitive test scores (MMSE and MoCA) with PO stimulation, indicating that the number of activated voxels in the POC can be used as an objective index to evaluate olfactory function. Our study showed that when the PO and UPO were presented, the number of activated voxels in the POC was correlated with MMSE and MoCA scores, and the correlation coefficients between PO and UPO were close. Moreover, we found that there was also a correlation with activation in the right F3O, where the correlation coefficient with the UPO was significantly higher than that with the PO. In addition, during UPO stimulation, the correlation coefficients between the number of activated voxels in this brain area and MMSE and MoCA scores (rMMSE = 0.480, rMoCA = 0.460) were significantly higher than the correlation coefficients (rMMSE = 0.350, rMoCA = 0.311) between the number of activated voxels in the POC and MMSE and MoCA scores, suggesting that activity in this brain region may be an important supplement to the objective evaluation of olfactory function in addition to the POC and that the combination of PO and UPO stimulation was better than PO alone.

Finally, we analyzed the respiratory behavior results recorded by the olfactory stimulator and found that during the inhalation of the PO, the number of short ventilation cycles was very small, and there were no significant differences in the respiratory behavior of the three groups. This may be because people are more receptive to a PO and do not subconsciously resist it. However, a small proportion of the subjects (9/73) took shallow breaths when inhaling a high concentration of PO. It was speculated that these subjects treated high concentrations of the PO as a UPO. In contrast, because the UPO was unacceptable, when the UPO was inhaled, most subjects in the NC group (21/25) had subconscious changes in ventilation, which manifested as reduced breathing amplitudes and shortened inhalation times. Most subjects in the MCI group (22/26) had similar changes in ventilation performance to those in the NC group. The difference was that most subjects in the NC group (17/25) showed this pattern of respiration at low concentrations, whereas only 9 of 26 participants in the MCI group did so at low concentrations. As we expected, no participants in the AD group (0/22) took short breaths during low concentration stimulation, which may be related to the increase in olfactory detection threshold, an impairment in olfactory identification ability, and an inability to effectively identify the UPO in AD patients. Therefore, it can be inferred that the changes in respiratory behavior after inhaled odors can reflect whether olfactory function is impaired, especially when the UPO is inhaled. As the respiratory changes after inhalation of the smell reflect the individual's subconscious behavior and lack subjective assumptions, it has more objectivity, which will play an important role in the clinical evaluation of an individual's olfactory function.

Through the application of both a PO and UPO, we not only identified differences between the NCs and MCI and AD patients from the imaging data but also showed the differences between the NCs and MCI and AD patients from the behavioral data, thereby providing more objective information for the assessment of olfactory impairment associated with AD.

There were also some limitations in our research. First, Philpott et al. (43) found that when receiving the same or similar odor stimulus, the olfactory adaptation clearance time was at least 15 min. In our study, the interval time of two odors was 25 min. Although the results of receiving two odor stimuli on two separate days may be more accurate, doing so would increase the burden on the patient and the complexity of the examination. The results from this study showed that differences between the NC group and the AD group can be obtained at an interval of 25 min. Second, we simply analyzed the changes in the respiratory amplitude recorded by the olfactory stimulator. We will further analyze the changes in the degree of respiratory amplitude, the length of the breath, and so on, to further and comprehensively evaluate olfactory function. Third, regarding the SPM statistics, our results did not pass the correction based on the cluster level, so we performed voxel-level tests (uncorrected p < 0.001, extent threshold = 70).

In short, with the application of both a PO and UPO in the context of fMRI, there were not only differences in brain area (POC and right F3O) activation between the NCs and the patients with AD and MCI but also significantly different respiratory behavior changes among NCs, MCI patients, and AD patients when stimulated by a low concentration of a UPO. Therefore, olfactory fMRI combined with a PO and UPO can provide more information for the objective assessment of hyposmia in AD based on imaging and behavior than a PO alone.
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