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Abstract

In the current study, we aim to measure T1rho (T1ρ) in the hippocampus in the brain of control, 

Alzheimer’s disease (AD), Parkinson’s disease (PD), and PD patients with dementia (PDD), and 

to determine efficacy of T1ρ in differentiating these cohorts. With informed consent, 53 AD 

patients, 62 PD patients, 11 PDD patients, and 46 age-matched controls underwent a standardized 

clinical assessment including mini-mental state examination (MMSE) and brain T1ρ MRI on a 1.5-

T clinical-scanner. T1ρ maps were generated by fitting each pixel’s intensity as a function of the 

spin-lock pulse duration. In control, AD, PD and PDD, mean ± SE T1ρ values in the right 
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hippocampus (RH) were 92.15 ± 2.00, 99.65 ± 1.98, 85.68 ± 1.87, 102.47 ± 4.66 ms while in the 

left hippocampus (LH) these values were 90.16 ± 1.82, 99.53 ± 1.91, 84.33 ± 2.03, 95.33 ± 4.64 

ms. Significant difference for both RH and LH T1ρ across the groups (p < 0.001) was observed. 

Both RH and LH T1ρ were significantly increased in AD compared to control (p = 0.034, p = 

0.001) and PD (p < 0.001, p < 0.001). In control, both RH and LH T1ρ values were significantly 

increased compared to PD (p = 0.031, p = 0.027) while compared to PDD only the RH T1ρ value 

was significantly decreased (p = 0.043). Both RH and LH T1ρ values in PD were significantly 

lower than PDD (p = 0.004, p = 0.032). No significant correlation between the T1ρ and age as well 

as between T1ρ and MMSE scores was observed. The serial measurement of T1ρ in both AD and 

PD may provide the nature of disease progression and may contribute to their early diagnosis.
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Introduction

Alzheimer’s disease (AD) accounts for 50–60% of cases of dementia in the elderly [21]. 

Parkinson’s disease (PD) is associated with the loss of dopaminergic neurons in the 

substantia nigra. Dementia is common and affects approximately 40% of PD patients during 

the course of the disease, the risk for the development of dementia in PD being six times 

higher than in non-PD age-matched controls [23].

Early and accurate diagnosis of both AD and PD are crucial for the patient’s treatment. 

However, the diagnosis of both diseases is difficult in elderly patients because some of the 

key symptoms also may be manifestations of normal aging in both cases. Structural 

neuroimaging with MRI has the potential in the early diagnosis of both AD and PD [22, 28]. 

It has been shown that both AD and PD individuals showed high medial temporal lobe 

(MTL) atrophy compared to controls [29]. However, the contribution from normal age-

related atrophy cannot easily be ruled out. Different neuroimaging studies have been 

proposed in the last few years to better characterize different structural or functional patterns 

that distinguish PD and PD patients with dementia (PDD) [6, 13]. A non-significant 

difference for MTL atrophy (MTA) between PD and PDD has been shown earlier [29].

Voxel based morphometry (VBM) has been used to measure the changes in brain volume in 

different neurodegenerative diseases [6, 13, 26]. However, VBM is not without its 

limitations. Spatial normalization is used to map each image to a template image in standard 

space, which has the potential to introduce errors since changes in brain volume are only on 

the order of a few percent. Although VBM detects atrophy of the hippocampus, these results 

may be insensitive to the detection of subtle changes/atrophy in areas of high variance, 

especially in small structures such as the hippocampus, resulting in a high variability among 

the elderly and diseased groups.

Functional imaging studies, such as single photon emission computed tomography (SPECT), 

positron emission tomography (PET), magnetic resonance spectroscopy, and diffusion tensor 
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imaging have been proposed in studying AD, PD and PDD [8, 11, 12, 15–17, 27]. It has 

been demonstrated that SPECT may not be a useful tool in the clinical differential diagnosis 

among PD, PDD and lewy body dementia and poor signal-to-noise ratios of the MRI 

techniques ultimately limits their sensitivity and reproducibility.

We have previously demonstrated that an alternate MRI contrast mechanism, T1ρ (T1rho), 

which is the spin lattice relaxation time constant in the rotating frame, can distinguish 

between AD and age-matched controls [5, 10]. In biological tissues, T1ρ relaxation may 

have contributions from several interactions. The interactions that are studied using this 

methodology can be broadly categorized into (1) dipole-dipole, (2) chemical exchange and 

(3) scalar-coupling processes [4]. Depending upon the tissue type, more than one mechanism 

may be operative simultaneously but with different relative contributions. In biological 

tissues, frequency dependence of relaxation rates or relaxation dispersion may arise from (1) 

rotational motion of a fraction of water bound to proteins, (2) exchange of protons on 

macromolecules with bulk water and (3) the non-averaged residual dipolar interaction of 

spin associated with oriented macromolecules in the tissue. T1ρ MRI has the capability to 

probe protein content in various tissues [14] and has been utilized to delineate brain tumors, 

characterize breast cancer tissue, and monitor the level of cartilage degeneration [1, 24, 25].

The aim of the current study was to measure T1ρ in the hippocampus in the brain of control, 

AD, PD, and PDD patients, and to determine whether T1ρ values can be used in 

differentiating these cohorts.

Materials and methods

Patient selection

The Institutional Review Board of University of Pennsylvania approved the study protocols. 

In the current study, we included 53 AD patients (mean age ± SD = 77.5 ± 8.1 years), 62 PD 

patients (mean age ± SD = 70.5 ± 6.1 years) without dementia, 11 PDD patients (mean age ± 

SD = 76.2 ± 3.7 years), and 46 age-matched controls (mean age ± SD = 71.2 ± 9.8 years).

All patients underwent a standardized clinical assessment including medical history, 

physical and neurological examination, psychometric evaluation, and brain MRI. The mini-

mental state examination (MMSE) was used as a measure of general cognitive function. 

Diagnoses were made in conference by a team made up of a neurologist, 

neuropsychologists, a neurophysiologist and a psychiatrist. Diagnoses was made according 

the National Institute of Neurological and Communicative Diseases and Stroke/Alzheimer’s 

Disease and Related Disorders Association criteria (NINCDS–ADRDA) for probable AD 

[19], the consensus criteria for PDD [18] and the UK Parkinson’s Disease Society Brain 

Bank criteria for Parkinson’s disease [9]. All Alzheimer’s disease subjects met the criteria 

for probable Alzheimer’s disease, while all Parkinson’s disease and PDD subjects met the 

clinical diagnostic criteria for Parkinson’s disease. Patients were excluded if they had a 

history of significant electrocardiographic (ECG) abnormalities; hematologic disorders; 

active malignancy within 5 years; or clinically important depressive, neuropsychiatric, 

cerebrovascular, or respiratory disease. Patients with hemorrhagic lesions as detected on 

MRI were also excluded from the study. The control group consisted of patients who 
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presented to our memory clinic with subjective complaints, and underwent exactly the same 

diagnostic work-up as the AD and PD patients.

MRI protocol

Written informed consent was obtained from each patient before they underwent MRI. All 

volunteers underwent MRI on a 1.5-T Siemens Sonata clinical scanner using the vendor-

supplied 8-channel head coil. For T1ρ MRI, a fluid-attenuated T1ρ pre-encoded Turbo Spin-

Echo pulse sequence was used [2]. The imaging parameters were: TR/TE = 2,000/12 ms, 

TSL (duration of spin lock pulse) = 10, 20, 30, 40 ms, with a spin lock B1 amplitude of 500 

Hz, slice thickness = 2 mm, FOV = 22 cm, matrix size = 256 × 128, bandwidth = 130 Hz/

pixel, echo train length = 4 for a total imaging time of 6 min for four images. The inversion 

time (TI) was fixed at 860 ms to null the signal of CSF, removing the CSF contribution to 

T1ρ values. An oblique coronal T1ρ-weighted image of a slice perpendicular to the anterior/

posterior commissure (AC/PC) plane was obtained. The slice was chosen to include the head 

of the hippocampus. Immediately after T1ρ MRI, the entire volume of each subject’s brain 

was imaged for image segmentation using a T1-weighted 3D volumetric MPRAGE pulse 

sequence with 124 continuous slices in the coronal plane. The parameters were TR/TE = 

3,000 ms/3.5 ms, slice thickness = 1.2 mm, FOV of 24 cm and 192 phase encode steps, and 

flip angle = 8° for a total imaging time of 10 min.

Data processing

The images were transferred to a G4 PowerBook computer (Apple Corp., Cupertino, CA, 

USA) and images were processed in the IDL programming language (RSI Cor., Boulder, 

CO, USA). The signal expression for the T1ρ – weighted MRI is given by the Eq. 1, 2.

(1)

where M0 is the thermal equilibrium magnetization.

The T1ρ relaxation time constant is dependent on the amplitude of the spin lock (SL) field, 

which is reported as a frequency, and typically ranges from zero to a few kilohertz. Equation 

1 was linearized and then used to generate T1ρ maps by fitting each pixel’s intensity as a 

function of TSL time using linear regression. T1ρ was calculated as −1/slope of the straight-

line fit. T1ρ of pixels that fitted poorly (R2 < 0.95) were set to zero to remove background 

and noisy pixels.

Segmentation and automating reporting

The volumetric MPRAGE images were used to automatically report T1ρ values from the 

hippocampus by a custom written software described before ([5] Neuroimage). Briefly, the 

volumetric MPRAGE images were used to segment the brain into 92 anatomical structures 

[5] incorporating all major cortical and sub-cortical regions and coregistered with a 

standardized template [7]. The template’s labels are then transformed to individual scans by 

applying the elastic transformation that was found to co-register with the respective T1ρ 
images. A program written in Matlab was used to automatically record T1ρ values from the 
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right hippocampus (RH) and left hippocampus (LH) onto an excel spreadsheet. The co-

registration and the hippocampus segmentation were performed in the presence of an 

experienced neuroradiologist.

Statistical analyses

Descriptive statistics were performed to calculate the mean value of T1ρ in the RH and LH 

for different cohorts (control, AD, PD and PDD). Kruskal-Wallis ANOVA was performed 

followed by post hoc Mann–Whitney U test to compare the T1ρ values among the different 

cohorts (control, AD, PD and PDD). The Student’s t test was performed between RH and 

LH T1ρ values for each cohort. Pearson correlations between T1ρ values versus age and 

between T1ρ versus MMSE score were performed separately for each cohort. A p value of 

less than 0.05 was considered to be statistically significant. All the statistical computations 

were performed using the Statistical Package for Social Sciences (SPSS) version 16.0 (SPSS 

Inc., Chicago, USA).

Results

The mean MMSE score in control, AD, PD and PDD were 29.1 ± 5.8, 19.53 ± 5.8, 27.4 

± 3.7, 21.9 ± 3.8, respectively. The average RH and LH T1ρ values in the brain of control, 

AD, PD and PDD are reported in Table 1. Kruskal–Wallis ANOVA showed significant 

difference for both RH and LH T1ρ across the four groups (p < 0.001). The Mann–Whitney 

test showed that both RH and LH T1ρ values were significantly increased in AD compared 

to control (p = 0.034, p = 0.001) and PD (p < 0.001, p < 0.001) while no significant 

difference was observed on comparing to PDD (p = 0.539, p = 0.471). In PD, both the RH 

and LH T1ρ values were significantly decreased relative to controls (p = 0.031, p = 0.027) 

and PDD (p = 0.004, p = 0.032). Only the RH T1ρ value was significantly decreased (p = 

0.043) in controls compared to PDD.

In AD, the LH T1ρ value was 10% greater than control, 18% greater than PD and 4% greater 

than PDD while the RH T1ρ was 8% greater than control, 16% greater than PD and 3% less 

than PDD. In control, the LH T1ρ was 7% greater than PD and 6% less than PDD while the 

RH T1ρ was 7% greater than PD and 10% less than PDD. In PDD the LH T1ρ was 13% 

greater than PD while the RH T1ρ was 20% greater than PD.

In all the cohorts the RH T1ρ value was higher than the LH T1ρ value. In none of the cohorts 

did this difference reach to the statistically significant level. In control, AD, PD and PDD the 

RH T1ρ was 2, 0.1, 2, and 8% greater than LH T1ρ.

Figure 1 shows T1ρ maps overlaid on fluid-attenuated T1ρ MR images. Pixels with higher 

T1ρ value in hippocampus in the brain of AD and PDD individuals are apparent from T1ρ 
maps (Fig. 1). Figure 2 represents box and whisker plots of T1ρ in different cohorts. In the 

right hippocampus two outliers are found in the case of AD cohort.

We analyzed the gender related changes in T1ρ in different cohorts (control, AD, and PD). In 

all cohorts, both the right and left hippocampus T1ρ values were higher in female compared 

to the male. However, in none of the cohorts T1ρ difference reach to the statistical significant 
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level. No significant correlation between the T1ρ and age as well as between T1ρ and MMSE 

scores was observed.

Discussion

In the current study, we found significantly increased T1ρ in the hippocampus in the brain of 

AD and PDD compared to control and PD. The PD individuals showed significantly 

decreased T1ρ value compared to controls. Also, no significant difference between the RH 

T1ρ and LH T1ρ for any of the cohort was noted.

The feasibility of T1ρ in the detection of plaques burden in the mice model of AD has been 

already reported [3]. Recently, Borthakur et al. [5] have shown increased T1ρ in MTL of AD 

compared to controls. Further, Haris et al. [10] showed the significantly increased T1ρ in the 

hippocampus of the MCI and AD compared to controls. All these studies suggested that the 

presence of AD pathology may contribute to the molecular interactions such as exchanging 

protons from bulk water with protons associated with slowly tumbling macromolecules in 

the extracellular space resulting in an increased T1ρ.

Earlier, increased T1ρ has been reported in substantia nigra in the brain of PD patients and 

suggested the possible role of neuronal loss in increased T1ρ [20]. However, in the current 

study, we found decreased hippocampus T1ρ in PD even compared to controls. Pathological 

studies of the brains of patients who died of Parkinson disease have demonstrated increased 

iron content in the substantia nigra. Because iron accumulation affects the MR signal, 

attempts have been made to monitor the changes in iron content in patients with Parkinson 

disease by using MR T2 relaxometry. Here, we suggest that the decreased T1ρ in PD is 

probably due to proton spin dephasing from iron-induced local field inhomogeneities 

resulting from the increased iron content in the substantia nigra. No attempt was made to 

quantify iron content in the hippocampus in the brain of PD and PDD patients; however, 

such study could further help in understanding the T1ρ mechanism. The Vymazal et al. [30] 

have shown non-significantly decreased T2 in the substantia nigra. In the current study, we 

found significantly decreased T1ρ in PD compared to controls suggestive of T1ρ is more 

sensitive than T2 in detection of the pathological changes. No T2 measurement was 

performed in the current study as the aim of this study was to define the T1ρ values in the 

different pathological conditions. However, T1ρ MRI has been previously used to measure 

T1ρ relaxation time in normal human brain, and showed higher range of values compared to 

T2.

Brain atrophy rate was significantly increased in PDD compared to PD and control, while no 

significant difference for brain atrophy was found between PD and control [6]. It has been 

also shown that in PDD, the degree of hippocampal atrophy may be similar to or even more 

severe than AD [13]. The number of AD changes has been shown to be higher in PDD 

patients compared to PD without dementia. Laakso et al. [13] reported that the absolute 

volume of the hippocampus in PDD was smaller than that of Alzheimer’s disease patients, 

although not significantly so, while the coexistence of Alzheimer’s disease pathology in the 

Parkinson’s disease group could not be ruled out. The PDD and AD groups also did not 

differ in the distribution of the MMSE score, which reflect global cognitive function. We 
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suggest that the increased T1ρ in PDD may be associated with the increased atrophy and 

high AD related changes.

Our data suggest that bilateral hippocampus T1ρ changes in AD, PD and PDD compared to 

the control is consistent with the earlier findings which showed bilateral hippocampus 

volume loss in AD and PDD. No significant correlation was observed between T1ρ and age 

in all cohorts suggesting that the change in T1ρ is due to the underlying pathophysiology 

instead of any age related changes. Further, no significant correlation between MMSE score 

and T1ρ suggests that cognitive score may not enough sensitive to the tissue pathology.

In our study, as in many of the previous imaging studies, there was considerable overlap 

between patient groups. We believe this overlap is due to the large variation in the T1ρ values 

in PDD individuals as also depicted by the graphs. The variation in T1ρ in PDD groups 

might be due to the small sample size. We did not correlate T1ρ with the atrophy rate as well 

as hippocampus volume, which may be considered the limitation of the current study. 

Another potential limitation of our study is the reliance on clinical, rather than autopsy 

proven, diagnoses.

The two-dimensional T1ρ-weighted MRI pulse sequence was used for the measurement of 

T1ρ which is limited to a single-slice acquisition since the SL pulse cannot be made slice 

selective. We have already developed and implemented a three-dimensional T1ρ-weighted 

pulse sequence on a 1.5-T clinical scanner [31]. T1ρ values measured with this sequence 

agree with those obtained by a previously validated two-dimensional T1ρ imaging sequence 

[2]. Furthermore, the 3D images will allow for direct comparison of T1ρ values and brain 

atrophy rates in several regions of the brain such as the entire hippocampus and entorhinal 

cortex.

In conclusion, measurement of T1ρ in both AD and PD may contribute to their early 

diagnosis in the future. Further, measurement of hippocampus T1ρ may help with the early 

diagnosis of dementia in PD, something that now requires a further investigation by serially 

monitoring PD patients. In the future, it may important to investigate regional rates of T1ρ 
changes and the role of serial T1ρ MRI in the assessment of treatments for slowing disease 

progression.
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Fig. 1. 
T1ρ maps of the hippocampus region in the brain (in color) overlaid on fluid-attenuated T1ρ 
MR image of control (77 Y male, a), AD (76 Y male, b), PD (71 Y female, c) and PDD 

patients (73 Y female, d). Pixels with higher T1ρ (red) are more prominent in the 

hippocampus of AD and PDD patients. The PD patient shows decrease hippocampus T1ρ. 

No T1ρ signal from CSF implies that the higher T1ρ values are not due to fluid. AD 
Alzheimer’s disease, PD Parkinson’s disease, PDD Parkinson’s disease with dementia
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Fig. 2. 
The box and whisker plots show the T1ρ value in right and left hippocampus in the brain of 

control, AD, PD and PDD cohorts. The right hippocampus T1ρ plot also shows the two 

outliers (small circle) in case of AD. AD Alzheimer’s disease, PD Parkinson’s disease, PDD 
Parkinson’s disease with dementia
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Table 1

The mean (±SD) T1ρ value in hippocampus in the brain of the different cohorts

Group Hippocampus T1ρ

Right Left

Control 92.15 ± 2.00 90.16 ± 1.82

AD 99.65 ± 1.98 99.53 ± 1.91

PD 85.68 ± 1.87 84.33 ± 2.03

PDD 102.47 ± 4.66 95.33 ± 4.64

Kruskal–Wallis ANOVA (p value) <0.001 <0.001

The Kruskal–Wallis one way analysis of variance is showing significant difference for T1ρ across the cohorts

AD Alzheimer’s disease, PD Parkinson’s disease, PDD Parkinson’s disease with dementia
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