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Abstract

:

Featured Application


Time-resolved spectroscopy may be a useful tool for screening test of cognitive dysfunction in the elderly, particularly who cannot respond to cognitive tasks.




Abstract


Background: In order to evaluate usefulness of a time-resolved spectroscopy (TRS) in screening test of cognitive dysfunction, we studied the effects of aging, cognitive dysfunction, brain atrophy on hemoglobin (Hb) concentrations and optical pathlengths (OPLs) in the prefrontal cortex (PFC) at rest, using TRS. Methods: Employing TRS, we measured Hb concentrations and OPLs at rest in the PFC, and evaluated the relationship between the TRS parameters and cognitive function assessed by Mini-Mental State Examination (MMSE). In addition, we evaluated the relationship between the TRS parameters and the brain atrophy assessed by MRI. Results: We found positive correlations between MMSE scores and oxygen saturation (SO2), oxy-Hb in the PFC, suggesting that the greater the degree of PFC activity, the higher the cognitive function. In addition, we found the negative correlation between the subject’s age and SO2 and oxy-Hb in the PFC, suggesting that the older the subject, the lower the PFC activity at rest. Moreover, the OPLs in the right PFC negatively correlated with degree of brain atrophy evaluated by MRI, indicating that the shorter the OPL, greater degree of brain atrophy. Conclusions: TRS allowed us to evaluate the relation between the cerebral blood oxygenation (CBO) in the PFC at rest and cognitive function.
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1. Background


As the world’s population is rapidly aging, dementia becomes a major global health problem. Currently, it is difficult to cure patients with progressive dementia, so emphasis is placed on early diagnosis and early intervention to prevent the onset of dementia [1]. The screening test of cognitive dysfunction, therefore, is important for early diagnosis of dementia. Currently, the Mini Mental State Examination (MMSE) is the most commonly used scale in cognitive function evaluation [2,3]. The MMSE is sensitive and cost-effective screening test; however, it is a subjective examination. Positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) have been used for the diagnosis of dementia [4]; however, these techniques require large facilities and have high costs for examination and maintenance. A simple and less costly method to assess cognitive functions is still required for an objective screening test of dementia.



Near-infrared spectroscopy (NIRS), a non-invasive optical technique, appears to be an attractive alternative method since NIRS is compact and less expensive than fMRI or PET. NIRS evaluates cognitive functions by measuring evoked cerebral blood oxygenation (CBO) changes during cognitive tasks; NIRS provides concentration changes of oxyhemoglobin (oxy-Hb) and deoxyhemoglobin (deoxy-Hb) in cerebral vessels based on measurements of the absorption spectra of hemoglobin in the near-infrared wavelength range [5]. However, it should be noted that, in general, commercially available (conventional) NIRS systems employ continuous wave (CW) light allowing only qualitative measurements of relative changes in hemoglobin (Hb) concentrations during tasks [6]. Therefore, it is difficult to apply conventional CW-NIRS systems to evaluation of cognitive functions of aged people, particularly who cannot perform cognitive tasks due to dementia.



In contrast, time-resolved near infrared spectroscopy (TRS), which employs light sources of laser diodes emitting picosecond light pulses and a time-resolved detector with a picosecond time-resolution, can provide quantitative measurements of Hb concentrations as well as relevant optical parameters such as the absorption coefficient (µa), reduced scattering coefficient (µs′) and optical pathlength (OPL) in the tissues interrogated by the light pulses [7,8]. µa and µs′ are the optical properties averaged over the interrogated tissues and change mainly with the change in the HB concentration associated with the brain activation. OPL is the mean total optical pathlength of the light pulses travelling from the source to detector positions on the head surface, and it will change mainly with the change in the thicknesses of the various layers in the head tissues such as the scalp, cerebrospinal fluid (CSF), gray matter and white matter layers. One measurement procedure of TRS ends within a few minutes, and portable TRS systems cost much less than fMRI or PET. Because a TRS system used in this study is at an initial stage with an assumption of an optically homogeneous medium for multi-layered tissues of the human head, it can provide less spatial information than fMRI. Although the performance of the TRS system used in this study is limited, the measured HB concentrations and relevant optical parameters are very valuable for objective evaluation of dementia. Actually, TRS can measure hemodynamic conditions at rest due to its capability of acquiring baseline Hb concentrations quantitatively, and measurements at rest help evaluate the absolute changes in CBO from the rest to task states. By employing TRS in a previous study, we measured not only the Hb concentrations but also the OPLs in various regions of the brain of healthy adults [9]. In addition, for patients with subarachnoid hemorrhage (SAH), we measured baseline Hb concentrations at rest using TRS for detection of cerebral ischemia induced by vasospasms [10].



In the present study, by employing TRS, we focused on measuring the Hb concentrations and OPLs at rest in the prefrontal cortex (PFC) of patients under rehabilitation and investigated the relationship between the TRS parameters and cognitive functions assessed by the MMSE. In addition, we investigated the relationship between the TRS parameters and the brain atrophy assessed by MRI.




2. Methods


2.1. Subjects


We studied 202 subjects (87 males, 115 females; age 73.4 ± 13.0 years (mean ± SD) who admitted to Southern Touhoku Kasuga Rehabilitation Hospital (Sukagawa city, Japan) for rehabilitation; 68.8% of the subjects suffered from cerebrovascular diseases including 79 cases of cerebral infarction, 41 cases of cerebral haemorrhage, 21 cases of subarachnoid haemorrhage. In addition, 94.6% of the subjects suffered from at least one life-style diseases. Table 1 and Table 2 show the clinical profiles of patients and age distribution, respectively.



The subjects provided written informed consents as required by the Human Subjects Committee of the Rehabilitation Hospital. When the subject had a difficulty to understand the informed consent due to cognitive dysfunction, their family provided it.




2.2. TRS Measurement


We tried to measure Hb concentrations at rest in the bilateral PFC with a two-channel TRS system (TRS-20, Hamamatsu Photonics K.K., Hamamatsu, Japan). Details of this system have been described [11]. Briefly, it consists of three pulsed laser diodes with different wavelengths (761 nm, 791 nm, and 836 nm) having a pulse duration of 100 ps at a repetition frequency of 5 MHz, a photomultiplier tube (PMT; H6279-MOD, Hamamatsu Photonics K.K., Japan), and a circuit for time-resolved measurement based on the time-correlated single photon counting technique.



Two optical probes having a pair of source and detector optical fibers each of the two-channel TRS system were attached onto the forehead with a bilateral symmetry using a flexible fixation pad, so that the midpoints between the source and detector positions were 30 mm above the centers of the upper edges of the bilateral orbital sockets. The distance between the source and detector of each probe was set at 40 mm. These positionings of the midpoints are similar to those of the midpoints between electrode positions Fp1/F3 (left) and Fp2/F4 (right) of the international electroencephalographic 10–20 system. MRI images confirmed that the optical probes were located over the dorsolateral and frontopolar areas of the PFC. Based on a simulation study of photon migration in the adult head [12], we believe that the TRS measurements in this study provided the CBO changes in the surface region of the PFC under the two midpoints between the source and detector positions.



The TRS system acquired time-resolved reflectances using the two probes. From the acquired time-resolved reflectances, various parameters were obtained assuming that the interrogated forehead tissue was an optically homogeneous semi-infinite medium with the absorption and reduced scattering coefficients of µa(λ) and µs′(λ) for the wavelength of λ, respectively. The time-resolved reflectance derived from the analytical solution of the photon diffusion equation for a homogeneous semi-infinite medium is given by Equation (1) under the zero-boundary condition [8],


R(t,ρ;λ)=z0(4πDc)3/2t5/2exp[−μa(λ)ct]exp(−ρ2+z024Dct),



(1)




where R(t, ρ; λ) is the time-resolved reflectance at time of t with the distance between the source and detector positions of ρ (= 40 mm) for the wavelength of λ, c is the speed of light in the tissue, D is the diffusion coefficient given as 1/[3µs′(λ)], and z0 = 1/µs′(λ). Here the wavelength dependences of D and z0 are omitted for simplicity. Equation (1), convoluted by the instrumental response function of TRS-20, was fitted to the measured time-resolved reflectance to estimate μa(λ) and μs′(λ) of the medium using a non-linear least-squared technique. The absorption coefficient of tissue was assumed to be the sum of the absorption coefficients of oxy-Hb, deoxy-Hb and background tissue as Equation (2),


μa(λ) = εoxy-Hb(λ)Coxy-Hb + εdeoxy-Hb(λ)Cdeoxy-Hb + μa,BG(λ)



(2)




where ε(λ) and C are the extinction (or molar absorption) coefficient and the molar concentration, respectively, with the subscript indicating oxy-Hb, deoxy-Hb or background tissue. Solving the simultaneous equations of Equation (2) for the three wavelengths (761 nm, 791 nm, and 836 nm) gave the concentrations of oxy-Hb (Coxy-Hb), deoxy-Hb (Cdeoxy-Hb) and total-Hb (Ct-Hb = Coxy-Hb + Cdeoxy-Hb). Then the oxygen saturation, SO2 = Coxy-Hb/Ct-Hb, was calculated. The unit of the concentrations of oxy-Hb and deoxy-Hb are μM. The mean total optical pathlength of the detected light for the wavelength of λ, OPL(λ), was calculated by Equation (3),


OPL(λ)=c∫0∞tR(t,ρ;λ)dt∫0∞R(t,ρ;λ)dt



(3)







It should be noted that the Hb concentrations and SO2 obtained by Equations (2) and (3) are the averages over the whole regions interrogated by the light pulses, and for separating those of the individual layers, i.e., the scalp, CSF, gray and white matter layers, it is necessary to know the partial optical pathlengths of the individual layers. Although it is very difficult to know the partial optical pathlengths of the individual layers, from the reference [12] the partial optical pathlength of the cortex, mainly the gray matter, is estimated to be about 5 to 10 % of the OPL. Therefore, the Hb concetrations and SO2 of the cortex occupy only 5 to 10% of those obtained by this study using Equations (2) and (3).




2.3. Assessment of Cognitive Function


We evaluated cognitive functions of the subjects using the MMSE, which is effective as a screening tool that can be used to systematically assess mental status [2]. It was reported that sociocultural variables, ages and education could affect individual MMSE scores [13,14]; however, traditionally, a 23/24 cut off has been used to select patients with suspected cognitive impairment or dementia [15]. In the present study, the mean MMSE scores of all subjects were 24.8 ± 4.6; 108 cases for suspected normal (MMSE ≥ 24), 94 cases for suspected cognitive impairment or dementia (MMSE ≤ 23).




2.4. MRI


55 subjects underwent an MRI study on a 1.5T Vision Plus imager (Siemens, Erlangen, Germany). One hundred forty 3D sections of a T1-weighted magnetization-prepared rapid acquisition of gradient echo sequence were obtained in a sagittal orientation as 1.2-mm thick sections (FOV _ 23, TR _ 9.7 ms, TE _ 4 ms, flip angle _ 12°, and TI _ 300 ms, with no intersection gaps).



We analyzed the morphological changes of the brain using the voxel-based specific regional analysis system for Alzheimer’s disease (VSRAD), a diagnosis-aiding program, which runs on Windows, for voxel-based morphometry based on statistical parametric mapping (SPM8) and diffeomorphic anatomical registration using the exponentiated lie (DARTEL) [16]. VSRAD is widely used in current clinical practice in the treatment of AD [17].



VSRAD generates the following scores [16]: (1) Severity; the severity of atrophy obtained from the averaged positive z score in the target volume of interest (VOI) (i.e., hippocampus and its surroundings); (2) Extent of VOI atrophy (%); the extent of a region showing significant atrophy in the target VOI—that is, the percentage rate of the coordinates with a z value exceeding the threshold value of 2 in the target VOI; (3) Ratio; the extent of a region showing significant atrophy in the whole brain—that is, the percentage rate of the coordinates with a z value exceeding the threshold value of 2 in the whole brain; (4) Whole Brain Extent (%); the ratio of the extent of a region showing significant atrophy in the target VOI to the extent of a region showing significant atrophy in the whole brain.




2.5. Data Analysis


We evaluated correlations between ages, the MMSE scores, VSRAD scores, Hb concentrations and OPLs measured by TRS, employing Pearson’s correlation analysis.





3. Results


3.1. Correlations between MMSE Scores and Subject’s Age


The patients exhibited a variety of cognitive functions between normal and dementia; the mean MMSE scores were 25.3 ± 4.0. There was a significant negative correlation between the MMSE score and patient’s age (r = −0.48, p < 0.01), indicating that the MMSE score decreases with age.




3.2. Correlations Between TRS Parameters and MMSE Scores, Subject’s Age


TRS measurements revealed significant positive correlations between the MMSE score and SO2 in the bilateral PFC (r = 0.40, p < 0.01). In addition, Coxy-Hb (r = 0.23, p < 0.01) and Ct-Hb (r = 0.14, p < 0.05) in the right PFC exhibited significant positive correlations with the MMSE scores. In contrast, Cdeoxy-Hb in the left PFC exhibited a significant negative correlation with the MMSE score (r = −0.19, p < 0.01). Moreover, SO2 and Coxy-Hb in the bilateral PFC exhibited negative correlations with age.



However, OPL in the PFC did not exhibit significant correlations with the MMSE score and patient’s age (p > 0.05). Table 3 summarizes the correlations between the MMSE scores, subject’s ages, Hb concentrations and SO2 at rest in the PFC.




3.3. Correlations between VSRAD Parameters and MMSE Scores, Subject’s Age


There were negative correlations between the MMSE scores and the VSRAD scores including Severity (r = −0.453, p < 0.01), Extent (r = −0.484, p < 0.01), Ratio (r = −0.402. p < 0.01), and Whole Brain Extent (r = −0.409, p < 0.01). In contrast, the subject’s age positively correlated with the VSRAD scores including Severity (r = 0.406, p < 0.01), Extent (r = 0.476, p < 0.01), Ratio (r = 0.400 p < 0.01), and Whole Brain Extent (r = 0.404, p < 0.01) (Table 4).




3.4. Correlations between OPL and VSRAD Parameters


The degree of brain atrophy affected the OPLs. Figure 1 compares MRI images (fluid attenuated IR) of subjects with no brain atrophy (A) and severe brain atrophy (B). Table 5A compares the MMSE scores and VRSAD scores between no brain atrophy (Case A) and severe brain atrophy (Case B). The subarachnoid space in case B is larger than that in case A due to brain atrophy. Interestingly, the OPLs in case B were shorter than those in case A (Table 5B).



On average, the OPLs (761 nm, 791 nm, and 836 nm) in the right PFC negatively correlated with VSRAD scores including Severity, Extent, and Ratio, but not Whole Brain Extent. In contrast, the correlations between the OPLs in the left PFC and VSRAD scores were limited. Table 6 summarizes the correlations between the OPLs and VSRAD scores.





4. Discussion


In the present study using TRS, we evaluated the relationship between the cognitive functions (i.e., the MMSE scores) and optical parameters of the head regions including the PFC in elderly subjects with systemic disorders. It is difficult to measure Hb concentrations in the cortex selectively by TRS; however, the following findings suggest that the Hb concentrations measured by TRS reflected CBO in the PFC. First, simultaneous measurements of TRS and PET demonstrated that Ct-Hb and SO2 measured by TRS correlated with an increase of regional cerebral blood flow and volume induced by acetazolamide [18]. Second, the result of TRS functional study was consistent with the result obtained by fMRI; TRS demonstrated an increase in Cdeoxy-Hb in the PFC during driving simulation while fMRI demonstrated a decrease in the Blood oxgenation level dependent (BOLD) signal (i.e., deactivation) in the PFC [19]. Third, TRS could detect cerebral ischemia caused by vasospasms after SAH by demonstrating a decrease in Coxy-Hb and SO2 [10]. These findings suggest that Coxy-Hb and SO2 measured by TRS at rest reflected the PFC activity at rest.



The present study revealed positive correlations between the MMSE score and SO2, Coxy-Hb in the PFC, suggesting that the greater the degree of PFC activity at rest, the higher the cognitive function. These observations are consistent with our recent TRS study on elderly women, which demonstrated that mild cognitive impairment exhibited higher baseline Coxy-Hb in the PFC than those in severe cognitive impairment [20]. Moreover, the negative correlation between the subject’s age and SO2 and Coxy-Hb in the PFC suggest that the older the subject, the lower the PFC activity at rest, which is consistent with the studies on the effect of aging on regional cerebral blood flow in the PFC [21].



The close correlations between the MMSE score and the TRS parameters suggest that machine learning may allow prediction of cognitive function based on the TRS parameters. For the prediction, deep learning, a subset of machine learning, may be useful since it allows analyzing regularity and relevance from a large amount of data, make judgments and predictions [22]. Indeed, the deep learning has been applied to imaging diagnosis [23], including computer- aided-diagnosis of Alzheimer’s Disease (AD) based on MRI images [24]. In our preliminary study, we evaluated the variable importance for the prediction, and found that the subject’s age showed the highest rank (1.0) while the right and left SO2 showed the second (0.77) and third (0.73) highest rank, respectively [25]. It should be noted that these parameters with high variable importance showed high correlation coefficients. Combination of MRI image and TRS measurement may be useful to predict cognitive dysfunction. In order to develop a deep learning based-diagnostic method of cognitive dysfunction, further study is necessary based on the present study.



The OPLs in the right PFC negatively correlated with VSRAD scores (Severity, Extent, and Ratio), indicating that the shorter the OPL, the greater the VSRAD scores which means greater degree of brain atrophy [16,17]. This might be caused by an increase of subarachnoid space due to brain atrophy; an increase of cerebrospinal fluid (CSF) layer in subarachnoid space caused a shortening of OPL since light scattering of CSF is much less than that of brain tissue. However, these findings are inconsistent with our previous TRS study on chronic stroke patients; we observed that the OPLs on the affected side, where subarachnoid space increased due to cortical atrophy in chronic stroke, was longer than that on the normal side [26]. It should be noted, however, that VSRAD scores does not indicate the degree of the PFC atrophy selectively. Therefore, further study, such as selective measurements of the degree of atrophy of the PFC, is necessary to clarify the relation between OPLs and brain atrophy.



Interestingly, there was a difference in correlation of OPLs and VSRAD between left and right PFC. Some evidence suggests that neurodegeneration related to aging and disease may preferentially affect the left-usually language- and motor-dominant-hemisphere; however, a recent meta-analysis provided no evidence for increased left-hemisphere vulnerability [27]. Further work is needed to provide a better understanding of the role of gray matter asymmetries.



We discuss the relation between the brain atrophy and the OPL from the view point of light propagation in the head. According to the numerical study of light propagation inside a human head model by Koyama et al. [28], the OPL between the source and detector depends on the reduced scattering coefficient of the CSF layer (µ′s-CSF), which corresponds to the subarachnoid space. The head model consists of four layers, i.e., the superficial layer including the scalp and skull (thickness of 10 mm), the CSF layer (2 mm), the gray matter (4 mm) and the white matter (6 mm). Light injected from the source propagates through the four layers to reach the detector with the partial optical pathlengths of lsup, lCSF, lgray and lwhite in the four layers, respectively, and the OPL is the sum of all the partial optical pathlengths, OPL = lsup + lCSF + lgray + lwhite. As the results of their numerical calculation, for the case of the source-detector distance of ρ = 40 mm, the OPL decreases with the decrease in µ′s-CSF as shown in Table 7.



While the OPL and lsup decrease with the decrease in µ′s-CSF, lCSF and lgray increase with the decrease in µ′s-CSF. The results can be understood phenomenologically as the following. When µ′s-CSF = 1.0 mm−1, the CSF layer exhibits strong scattering similarly to that of soft tissue, and the light propagation pattern inside the head model can be schematically described as in Figure 2a where the thickness of the CSF layer is exaggerated to see its effect on light propagation. The propagation path from the source, S, to the detector, D, depicts a so-called banana shape as a semitransparent yellow region. In this case, the typical propagation path expressed by the red zig-zag lines crosses the interface between the superficial and CSF layers at positions “a” and “d” with a relatively short distance between them.



When µ′s-CSF = 0.01 mm−1, the CSF layer exhibits very weak (or almost no) scattering, and the light propagation pattern can be described as in Figure 2b. The propagation pattern in Figure 2b is widened from the banana shape in Figure 2a due to the presence of the almost non-scattering CSF layer, and the typical propagation path crosses the interface between the superficial and CSF layers at positions “a*” and “d*” with a longer distance between them than the distance between “a” and “d”. Because light in the CSF layer propagates a long distance without being scattered, a part of light propagating in the superficial layer can circumvent the strong scattering superficial layer by going through the CSF layer to reach the detector, D. Resultantly, lsup decreases while lCSF increases although the decrease in lsup is much larger than the increase in lCSF. This is the reason why the OPL decreases with the decrease in µ′s-CSF in Table 6.



The results of Table 6 do not describe the relationship between the OPL and µ′s-CSF but that between the OPL and the extent of VOI atrophy. However, the decrease in the µ′s-CSF can be understood to be equivalent to the increase in the extent of Volume of interest (VOI) atrophy. Nevertheless, there is still a possibility that more precise simulation of light propagation in the human head with increasing or decreasing thickness of the CSF layer may provide the opposite results to those described above, i.e., the OPL increases with the increase in the thickness of the CSF layer. Further investigation about the relation between the OPL and the thickness of the CSF layer is necessary.




5. Conclusions


The present study demonstrated that TRS may be applicable to assessment of cognitive dysfunction, since Hb concentrations measured by TRS at rest in the PFC correlated with cognitive functions evaluated by the MMSE. It should be emphasized that TRS measurements at resting condition may be useful in aged people, particularly subjects with cognitive dysfunction who cannot perform cognitive tasks. In contrast to activation methods, the present method does not allow us to investigate the type of cognitive function being impaired by changing the type of task. However, TRS may be applicable to screening test of cognitive impairment; our preliminary study demonstrated that deep learning allows to predict the MMSE scores based on the TRS parameters [25,29].
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