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Background: Frailty is a geriatric condition characterized by a decreased reserve. The Edmonton frailty 
scale (EFS) has been widely used as an assessment tool in clinical practice. However, the brain's underlying 
pathophysiological changes in frailty and their associations with the EFS remain unclear. This study aimed to 
explore the associations between brain volumetry and relaxometry signatures and the EFS (and each domain 
score of the EFS) in frailty.
Methods: A total of 40 non-demented subjects were enrolled in this prospective study. Frailty assessment 
was performed for each subject according to the EFS. All subjects underwent synthetic magnetic resonance 
imaging (MRI) (MAGnetic resonance image Compilation, MAGiC) and three-dimensional fast spoiled 
gradient-recalled echo (3D-FSPGR) T1-weighted structural image acquisitions on a 3.0 T MR scanner. 
Brain segmentation was performed based on quantitative values obtained from the MAGiC and 3D-FSPGR 
images. Volumetry and relaxometry of the global brain and regional gray matter (GM) were also obtained. 
The associations between the total EFS score (and the score of each domain) and the brain's volumetry 
and relaxometry were investigated by partial correlation while eliminating the effects of age. Multiple 
comparisons of regional GM volumetry and relaxometry analyses were controlled by false discovery rate 
(FDR) correction. All data were analyzed using the SPSS 13.0 statistical package (IBM, Armonk, NY, USA) 
and MATLAB (MathWorks, Natick, MA, USA).
Results: For global volumetry, significant correlations were found between multiple global volumetry 
parameters and the EFS, as well as the cognition score, functional independence score, nutrition score, and 
functional performance score (P<0.05). For global relaxometry, notable positive correlations were found 
between the T2 values of gray and white matter (WM) and the EFS (r=0.357, P=0.026; r=0.357, P=0.026, 
respectively). Significant correlations were also identified between the T2 value of GM, the T1, T2, and 
PD values of WM, and the cognition score (r=0.426, P=0.007; r=0.456, P=0.003; r=0.377, P=0.018; r=0.424, 
P=0.007, respectively), functional independence score (r=–0.392, P=0.014; r=–0.611, P<0.001; r=–0.367, 
P=0.022; r=–0.569, P<0.001, respectively), and functional performance score (r=0.337, P=0.036; r=0.472, 
P=0.002; r=0.354, P=0.027; r=0.376, P=0.018, respectively). For regional GM volumetry, multiple regions 
showed significant negative correlations with the EFS (P<0.05). Notable negative correlations were found 
between multiple regional GM volume and the functional independence score (P<0.05). For regional 
GM relaxometry, the T1 and T2 values of several regions showed significant negative correlations with 
the functional independence score (T1 value of caudate, r=–0.617, P<0.001; T2 value of insula, r=–0.510, 
P=0.015; T2 value of caudate, r=–0.633, P<0.001, respectively). No significant correlation was found between 
the domain scores of the EFS and regional GM PD values (P>0.05).
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Introduction

Frailty is a geriatric condition characterized by decreased 
reserve leading to a diminished capacity to respond to 
stressors (1,2). Frailty is closely associated with poor health 
outcomes, including falls, disability, and mortality (3-5). 
The frailty status can be evaluated by various assessment 
tools, such as the Fried frailty phenotype (6), the FRAIL 
scale (7), the clinical frailty scale (8), and the Edmonton 
frailty scale (EFS) (9). The EFS, developed by Rolfson et al., 
has been used widely in practice and is a valid and reliable 
tool to evaluate frailty that does not require any specialized 
training (9). It includes nine domains: cognition, general 
health status, functional independence, social support, 
medication use, nutrition, mood, continence, and functional 
performance. Despite multiple studies evaluating the EFS 
in frailty, none have focused on the brain relaxometry 
signatures that are correlated to this scale, which may help 
to reveal the underlying pathophysiological changes of the 
brain in frailty. 

Relaxometry is sensitive to the brain’s composition and 
microstructure by reflecting the magnetization relaxation 
characteristics of brain tissue (10). Therefore, relaxometry 
characteristics have been investigated in several brain 
imaging studies (11-14). Relaxometry studies have also 
been conducted on other organs, such as the cartilage (15), 
kidney (16), etc. However, the application of relaxometry 
in clinical practice is limited by several factors. Firstly, 
conventional sequences for the acquisition of relaxometry 
are time-consuming (17). Secondly, acquisition of different 
relaxometry through different sequences usually leads 
to misregistration among images due to patient motion, 
resulting in difficulties in obtaining an accurate overall 
evaluation with multiple relaxometry parameters.

The emergence of synthetic magnetic resonance imaging 
(MRI) overcomes the limitations above and allows for the 
clinical application of relaxometry evaluation. Synthetic 

MRI is based on the quantification of relaxation times 
and proton density (PD) by the multi-echo acquisition of 
a saturation-recovery using the turbo spin-echo readout 
(QRAPMASTER) method (18). This technique enables 
simultaneous quantification of T1, T2, and PD values, as 
well as the synthesis of multiple contrast-weighted images 
from one scan in several minutes (19,20). Moreover, 
synthetic MRI offers volumetry information of different 
types of brain tissues through an automatic segmentation 
of brain tissue based on the relaxation values (20), including 
volumes of gray matter (GM), white matter (WM), cerebral 
spinal fluid (CSF), and myelin content. Thus, synthetic 
MRI can provide volumetry and relaxometry information 
within one scan, making a quantitative evaluation of the 
central nervous system feasible in clinics.

The accumulation of common brain pathologies helps  
to bring about the progression of physical frailty in the 
elderly (21). Since relaxometry can reflect the composition 
changes, we can infer that relaxometry changes may exist 
in frailty. Also, reduced global and regional brain volume 
has been identified in frailty in some previous studies 
(22,23), which used three-dimensional T1-weighted 
images for volume analysis and the Fried frailty phenotype 
for frailty assessment. No previous reports have explored 
whether synthetic MRI signatures, including volumetry 
and relaxometry signatures, are correlated with the EFS in 
frailty to the best of our knowledge. The present study aimed 
to investigate the following: (I) the association between 
brain volumetry and relaxometry signatures and the EFS in 
frailty; and (II) the association between brain volumetry and 
relaxometry signatures and each domain score of the EFS.

Methods

Subjects

The local institutional review board approved this 

Conclusions: In conclusion, brain volumetry and relaxometry signatures showed strong associations 
with the EFS and some EFS domain scores in frailty. These associations may reveal the possible underlying 
pathophysiology of the EFS and different domains of the EFS. 
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prospective study (No. 2018BJYYEC-121-02). From 
September 2018 to February 2019, 109 consecutive 
inpatients in the neurology ward (aged ≥65) were enrolled 
in this study. The exclusion criteria were as follows: (I) 
patients that were unable to provide informed consent 
(n=10); (II) patients who could not cooperate with the 
assessment procedure (such as deafness, unstable vital signs, 
etc.) (n=4); (III) patients with Parkinson’s disease (n=12); (IV) 
patients that had experienced acute ischemic stroke (n=21); 
(V) those without EFS evaluation (n=6); (VI) patients with 
severe stage of Alzheimer’s disease (Mini-Mental State 
Examination <15) or other dementia (n=4); (VII) those 
with contraindications for MRI examination (n=5); (VIII) 
patients with severe cerebral pathologies on MRI (n=3); and 
(IX) patients with incomplete MRI scans or unsatisfactory 
image quality (n=4). Finally, 40 subjects were included in 
this study. Written informed consent was obtained from 
each subject before participation in this study.

Frailty assessment

Trained researchers performed frailty assessment according 
to the EFS. The EFS assesses nine domains related to 
frailty, including cognition, general health status, functional 
independence, social support, medication usage, nutrition, 
mood, continence, and functional performance, with 
scores ranging from 0 to 17. Subjects with a score ≥8 were 
classified as frail (9). 

MRI protocol

All MRI data were acquired using a 3.0 T MR scanner 
(SIGNA Pioneer, GE Healthcare, Milwaukee, WI, USA) 
equipped with a 32-channel head-neck receiver coil. 
Routine MR sequences, including axial T2-weighted 
imaging, T1-weighted imaging, T2 fluid-attenuated 
inversion recovery, diffusion-weighted imaging, and sagittal 
T1-weighted imaging, were performed initially to exclude 
subjects with severe cerebral pathologies. Synthetic MRI 
(MAGnetic resonance image Compilation, MAGiC) was 
acquired through the whole head with an oblique axial 
prescription parallel to the anterior commissure-posterior 
commissure line. The acquisition parameters of MAGiC 
were as follows: field of view =240 mm × 240 mm; matrix 
=320×256; repetition time =4,906 ms; echo time 1/echo 
time 2 =22.0/87.9 ms; echo-train length =12; bandwidth 
=22.73 kHz; number of excitation =1; slice thickness/
gaP =4/0.5 mm; slice number =32. The scan time for 

MAGiC was 4 mins 55 sec. T1-weighted structural images 
were also acquired using a three-dimensional fast spoiled 
gradient-recalled echo (3D-FSPGR) sequence, with the 
following acquisition parameters: field of view =256 mm × 
256 mm; matrix =256×256; repetition time =6.0 ms; echo  
time =1.9 ms; flip angle =11°; bandwidth =31.25 kHz; 
number of excitation=1; slice thickness/gaP=1/0 mm; slice 
number =200. The scan time for 3D-FSPGR was 4 min  
19 sec.

Image processing and analysis

Relaxation maps and brain segmentation results were 
generated from the MAGiC raw data using SyMRI 8.0 
software (SyntheticMR AB, Linköping, Sweden). Global 
volumetry including gray matter volume (GMV), white 
matter volume (WMV), cerebral spinal fluid volume 
(CSFV), myelin volume (MYV), brain parenchymal volume 
(BPV), intracranial volume (ICV), gray matter fraction 
(GMF = GMV/BPV), white matter fraction (WMF = 
WMV/BPV), myelin fraction (MYF = MYV/BPV), GMV/
ICV, WMV/ICV, CSF/ICV, and MYV/ICV were obtained. 
The processing steps for acquiring the global relaxometry, 
regional relaxometry, and volumetry were as follows. Firstly, 
a rigid registration between the relaxation maps acquired 
from the MAGiC, and the images of 3D-FSPGR were 
performed using SPM12 software (http://www.fil.ion.ucl.
ac.uk/spm/). Secondly, segmentation and normalization 
[Montreal Neuroscience Institute (MNI) space] were 
performed using the CAT12 toolbox (http://www.neuro.uni-
jena.de/cat/) implemented in SPM12 to obtain the tissue 
probability maps and normalized relaxation maps. The 
global relaxometry in GM, WM, and CSF was calculated 
by averaging the relaxation values from voxels with partial 
volume exceeding 95% of the corresponding tissue. 
Finally, the Anatomical Automatic Labeling (AAL) atlas  
(http://www.gin.cnrs.fr/en/tools/aal/) was used to extract 
the brain regional relaxometry and volumetry without 
distinguishing between the left and right hemisphere  
(33 regions).

Statistical analysis

All data were analyzed using the SPSS 13.0 statistical 
package (IBM, Armonk, NY, USA) and MATLAB 
(MathWorks, Natick, MA, USA). Considering the 
association between the brain's volumetry and relaxometry 
with age, the associations between the total EFS (and the 
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score of each domain) and the volumetry and relaxometry 
of the brain were investigated by partial correlation 
eliminating the effects of age. Multiple comparisons of 
regional GM volumetry and relaxometry analyses were 
controlled using false discovery rate (FDR) correction 
according to 33 selected brain regions. The results of 
correlations between the social support score of the EFS 
and volumetry or relaxometry could not be computed, as 
the social support score of the subjects was constant (0). 
The level of significance was set at P<0.05.

Results

The demographic and clinical data of the 40 subjects are 
shown in Table 1.

Global volumetry, regional GM volumetry, and global 
relaxometry showed strong correlations with the EFS

Results of correlations between the EFS and global 
volumetry are shown in Table 2. Results of correlations 

between the EFS and regional GM volumetry, which had 
significant correlations, are shown in Table 2 and Figure 1. 
Multiple regional GM volumetry showed significant 
correlations with the EFS. Results of correlations between 
the EFS and global relaxometry, which had significant 
correlations, are shown in Table 3. No significant correlation 
was found between the EFS and regional GM relaxometry.

Both global volumetry and global relaxometry showed 
strong correlations with some domain scores of the EFS

Results of correlations between domain scores of the EFS 
and global volumetry, which had significant correlations, are 
shown in Table 4. Results of correlations between domain 
scores of the EFS and global relaxometry, which had 
significant correlations, are shown in Table 5.

Some regional GM volumetry showed strong negative 
correlations with the functional performance score

Results of correlations between the functional performance 

Table 1 Demographic and clinical data of subjects

Total Non-frailty Frailty P

Number (%) 40 22 18 –

Age (years) 76.3±5.2 75.0±6.2 77.9±4.3 0.091

Sex (female %) 47.5 31.8 66.7 0.515

BMI 24.3±4.0 24.7±3.0 23.8±5.0 0.492

Educational years 10.6±4.9 10.3±4.1 11.0±5.8 0.646

EFS 6.9±2.4 5.1±1.3 9.1±1.1 <0.001***

Frailty domains

Cognition 0.7±0.8 0.4±0.7 1.2±0.9 0.002**

General health status 1.5±0.6 1.3±0.5 1.7±0.7 0.066

Functional independence 1.7±0.6 2.0±0.2 1.3±0.8 0.001**

Social support 0.0±0.0 0.0±0.0 0.0±0.0 /

Medication use 0.8±0.6 0.7±0.6 0.9±0.5 0.093

Nutrition 0.1±0.3 0.1±0.2 0.2±0.4 0.242

Mood 0.2±0.4 0.1±0.3 0.3±0.5 0.074

Continence 0.4±0.5 0.3±0.5 0.6±0.5 0.138

Functional performance 1.3±1.3 0.4±0.7 2.3±1.0 <0.001***

MMSE score 24.3±5.3 24.6±5.3 20.8±4.7 0.026*

*, P value <0.05; **, P value <0.01; ***, P value <0.001. BMI, Body Mass Index; EFS, Edmonton frailty scale; MMSE, Mini-Mental State 
Examination. 
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score and regional GM volumetry are shown in Figure 2. 
Significant negative correlations were identified between 
the functional performance score and the GMV of rolandic 
(r=–0.394, P=0.043), olfactory (r=–0.458, P=0.035), rectus 
(r=–0.394, P=0.043), cingulate (r=–0.411, P=0.039), 
hippocampus (r=–0.479, P=0.034), parahippocampal (r=–
0.448, P=0.035), and precuneus (r=–0.414, P=0.039). No 
notable correlations were found between regional GMV and 
the cognition score, general health status score, functional 
independence score, medication use score, nutrition score, 
mood score, or continence score.

Some regional GM relaxometry showed strong correlations 
with the functional independence score

Results of correlations between the functional independence 
score and regional GM T1 values are shown in Figure 3. 
Significant negative correlations were found between the 
functional independence score and the T1 value of caudate 
(r=–0.617, P<0.001). No notable correlations were identified 
between the other scores and regional GM T1 values.

Results  of  correlat ions between the functional 
independence score and regional GM T2 values are shown 
in Figure 4. Significant negative correlations were identified 
between the functional independence score and the T2 
values of insula (r=–0.510, P=0.015) and caudate (r=–0.633, 
P<0.001). No notable correlations were found between the 
other scores and regional GM T2 values. Furthermore, no 
significant correlations between the domain scores of the 
EFS and regional GM PD values were identified.

Discussion 

This was the first study to explore the association between 
brain volumetry and relaxometry signatures with the EFS 
(and each domain score of the EFS) in frailty. We used 
partial correlation to eliminate the influence of age, as age 
is closely related to frailty and may also cause changes in 
brain volumetry and relaxometry. Moreover, we added FDR 
correction to the P value to control multiple comparisons 
in regional GM volumetry and relaxometry analyses. We 
found that both brain volumetry and relaxometry showed 
strong correlations with the EFS and some EFS domain 
scores, demonstrating the potential of synthetic MRI to 
reveal the underlying pathophysiology of frailty.

In the present study, global brain volume and multiple 

Table 2 Correlations between the Edmonton frailty scale and 
global and regional GM volumetry (n=40) (only parameters that 
showed significant correlations are shown in the table)

Edmonton frail score

r Significance

Global volumetry

GMV –0.414 0.009**

WMV –0.497 0.001**

MYV –0.440 0.005**

BPV –0.475 0.002**

WMV/ICV –0.321 0.047*

CSFV/ICV 0.325 0.044*

Regional GM volumetry

Frontal –0.405 0.026*

Rolandic –0.485 0.011*

Supp_Motor –0.421 0.023*

Olfactory –0.463 0.012*

Rectus –0.505 0.011*

Orbitofrontal cortex –0.403 0.026*

Insula –0.443 0.016*

Cingulate –0.487 0.011*

Hippocampus –0.396 0.027*

ParaHippocampal –0.442 0.016*

Lingual –0.465 0.012*

Occipital –0.358 0.042*

Fusiform –0.490 0.011*

Parietal –0.346 0.048*

SupraMarginal –0.414 0.024*

Precuneus –0.474 0.012*

Heschl –0.387 0.030*

Temporal –0.375 0.034*

Cerebellum –0.566 0.006**

Vermis –0.358 0.042*

Anterior cingulate 
cortex

–0.386 0.030*

*, P value <0.05; **, P value <0.01. GM, gray matter; GMV, gray 
matter volume; WMV, white matter volume; MYV, myelin volume; 
BPV, brain parenchymal volume; CSFV, cerebral spinal fluid 
volume; ICV, intracranial volume.
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regional GMV showed significant negative correlations 
with the EFS. This was consistent with the results of 
several previous studies, which showed that reduced global 
and regional brain volume changes were found in frailty 
(22-24), despite differing frailty assessment tools. Such 
results demonstrate the progressive brain atrophy during 
the development of frailty. It is important to emphasize 
that brain atrophy during frailty involves the entire brain, 
including GM, WM, and myelin, which indicates that the 
brain's pathophysiological changes during frailty may be 
global, as opposed to being limited to a specific region of 
the brain. 

Brain relaxometry changes were also found in frailty, 
with significant correlations between the EFS and global 
relaxometry. As we know, MRI relaxation times are sensitive 
to changes in brain tissue microstructure integrity and tissue 
composition (25-29). As for the central nervous system, 
changes in relaxation times contribute to demyelination, 
neuronal cell death, axonal loss, and water content changes 
(14,30-32). Based on these previous studies’ results, we can 
speculate about the underlying pathophysiology of frailty 
according to our results. For global relaxometry, positive 
correlations were identified between the EFS and T2 values 

of global GM and WM, while T1 and PD values of global 
GM and WM did not show significant correlations with 
the EFS. This may be attributable to the fact that T2 is 
generally more sensitive to pathophysiology than T1 and 
PD, previously reported (25). It seems that the T2 value of 
brain tissue increases with the progression of frailty. The 
influencing factors of T2 mainly include water content, 
myelin density (33), and the presence of paramagnetic 
molecules, such as iron (34) at a given field strength. The 
increase of T2 may be due to increased water content, 
myelin loss, axonal loss, and gliosis. However, it is difficult 
to confirm which factor/s plays the dominant part in the 
changes to T2 value. For regional GM relaxometry, no 
significant correlations were found with the EFS. Two 
possible reasons may have contributed to this result. Firstly, 
the pathophysiological changes in brain GM might be 
global during frailty instead of being limited to a single 
region. Secondly, the present study's small sample size may 
have limited the significance of regional GM relaxometry 
alteration, especially when the number of analyzed brain 
regions was relatively large. A larger study in the future can 
solve this. Furthermore, we did not analyze the regional 
WM relaxometry in the present study. Whether regional 
WM relaxometry shows differences in frailty should also be 
addressed in the future. 

We further analyzed the associations between brain 
volumetry and relaxometry signatures with each EFS 
domain score in frailty. The results showed that reduced 
WMV and MYV were mainly correlated with the cognition 
and functional performance scores for global volumetry, 
while reduced GMV was mainly correlated with the 
nutrition score. These results indicated that reduced 
WM and GM volumes might play different roles in the 
EFS domains. Specifically, a reduced WM volume plays a 

Edmonton

Figure 1 Results of correlations between the EFS and regional GM volumetry. Significant correlations were found between the EFS and 
the GMV of frontal, rolandic, supp_motor, olfactory, rectus, orbitofrontal cortex, insula, cingulate, hippocampus, parahippocampal, lingual, 
occipital, fusiform, parietal, supramarginal, precuneus, heschl, temporal, cerebellum, vermis, and anterior cingulate cortex (regions in green). 
EFS, Edmonton frailty scale; GMV, gray matter volume.

Table 3 Correlations between the Edmonton frailty scale and 
global relaxometry (n=40) (only parameters that showed significant 
correlations are shown in the table)

Edmonton frail score

r Significance

GM T2 0.357 0.026*

WM T2 0.357 0.026*

*, P value <0.05. GM, gray matter; WM, white matter.
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dominant role in the cognition and functional performance 
scores, while reduced GM volume plays a dominant 
role in the nutrition score. Interestingly, the functional 
independence score results were positively correlated with 
WMV and MYV, which seemed to be difficult for giving 
a reasonable explanation. Generally, a reduced volume of 
brain tissue should be more reasonable for the progression 
of frailty, which means that negative correlation between 
the functional independence score and brain volume might 
be more reasonable. Such contradictory results require 
further confirmation in future research.

For global relaxometry, both the cognition and 

functional performance scores were positively correlated 
with the T2 of GM, and the T1, T2, and PD of WM, while 
the functional independence score was negatively correlated 
with the T2 of GM, and the T1, T2, and PD of WM. These 
results were similar to those of global volumetry, which 
showed reverse correlations for the cognition, functional 
performance (negative), and functional independence 
(positive) scores. After we noticed these coincidental results, 
we performed a correlation analysis for the domain scores. 
Interestingly, the cognition and functional performance 
scores showed a significantly positive correlation, and both 
showed notably negative correlations with the functional 

Table 4 Correlations between the domain scores of the Edmonton frailty scale and global volumetry (n=40)

GMV WMV CSFV MYV WMF MYF WMV/ICV CSFV/ICV MYV/ICV

Cognition

r – –0.387 – –0.430 –0.346 –0.341 –0.403 0.354 –0.410

Significance – 0.015* – 0.006** 0.031* 0.033* 0.011* 0.027* 0.009**

Functional independence

r – 0.365 –0.357 0.400 0.487 0.456 0.503 –0.347 0.493

Significance – 0.022* 0.026* 0.012* 0.002** 0.003** 0.001** 0.030* 0.001**

Nutrition

r –0.350 – – – – – – – –

Significance 0.029* – – – – – – – –

Functional performance

r – –0.411 – –0.417 – – –0.354 0.317 –0.328

Significance – 0.009** – 0.008** – – 0.027* 0.049* 0.041*

Only parameters that showed significant correlations are shown in the table. *, P value <0.05; **, P value <0.01. GMV, gray matter volume; 
WMV, white matter volume; CSFV, cerebral spinal fluid volume; MYV, myelin volume; WMF, white matter fraction; MYF, myelin fraction; ICV, 
intracranial volume.

Table 5 Correlations between the domain scores of the Edmonton frailty scale and global relaxometry (n=40) 

GM T2 WM T1 WM T2 WM PD

Cognition r 0.426 0.456 0.377 0.424

Significance 0.007** 0.003** 0.018* 0.007**

Functional 
independence

r –0.392 –0.611 –0.367 –0.569

Significance 0.014* <0.001*** 0.022* <0.001***

Functional 
performance

r 0.337 0.472 0.354 0.376

Significance 0.036* 0.002** 0.027* 0.018*

Only parameters that showed significant correlations are shown in the table. *, P value <0.05; **, P value <0.01; ***, P value <0.001. GM, 
gray matter; WM, white matter; PD, proton density.
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independence score (Table S1). Two possible reasons may 
explain these results. Firstly, the cognition and functional 
performance scores' underlying pathological basis was 
contrary to that of the functional independence score. 
Secondly, the correlations between these three domain 
scores were only occasional in the present study subjects. 
However, it was difficult for us to confirm which of these 
explanations was correct, and thus, further studies with 
larger samples are needed in the future.  

The results of the cognition score deserve greater 
consideration. In the present study, the cognition score 
was correlated with reduced WMV, MYV, WMF, MYF, 

WMV/ICV, and MYV/ICV, and increased CSF/ICV. This 
indicated that the decreased volume of global WM and 
myelin, as opposed to GM, was mainly correlated with 
the cognition score. The lack of a significant correlation 
between the cognition score and regional GMV further 
confirms this point. However, previous studies reported 
significant risk factors for dementia, including lower 
volumes of the hippocampus (35), entorhinal cortex, and 
surrounding structures (36). Their findings seemed to 
differ from our results. We focused on the regional GM 
volume, while previous studies focused on the overall brain 
region, including both GM and WM, which may have led 

Figure 2 Results of correlations between the functional performance score and regional GM volumetry. Significant negative correlations 
were found between the functional performance score and the GMV of rolandic, olfactory, rectus, cingulate, hippocampus, parahippocampal, 
and precuneus (regions in green). GMV, gray matter volume.

Figure 3 Results of correlations between the functional independence score and regional GM T1 values. A significant negative correlation 
was identified between the functional independence score and the T1 value of caudate (regions in green). GM, gray matter.

Figure 4 Results of correlations between the functional independence score and regional GM T2 values. Significant negative correlations 
were found between the functional independence score and the T2 values of insula and caudate (regions in green). GM, gray matter.
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to disparate results. As for relaxometry, the cognition score 
was positively correlated with the T2 of GM and with the 
T1, T2, and PD of WM. One possible pathophysiological 
change for this may be increased water content in brain 
tissue. Moreover, myelin loss, axonal loss, and gliosis 
may also exist in the WM. It has been shown that the 
volume of WM hyperintensities (WMHs) may have 
significant neuropathological and clinical associations with 
cognitive impairment (35,37). Also, Zeng et al. identified 
a relationship between lower fractional anisotropy (FA) 
and higher-grade WMHs, which implied an underlying 
pathology of demyelination and axonal loss (37). This was 
consistent with our finding and speculation regarding the 
relaxometry changes in WM. No regions showed increased 
or decreased relaxometry with the cognition score, even 
though the classic regions which are related to cognition, 
such as the hippocampus and parahippocampal regions. It is 
important to note that, in the present study, we only focused 
on the GM of these regions. The WM changes in these 
regions remain unclear. Further study is needed for regional 
relaxometry evaluation of these regions, including both GM 
and WM. 

Correlations were found between the nutrition score and 
reduced global GMV. However, global relaxometry, regional 
GM volumetry, or GM relaxometry did not significantly 
correlate with the nutrition score. The nutrition score 
of the EFS is mainly focused on weight loss. Drummen 
et al. reported no relationship between weight loss and 
global GM volume or cortical thickness and observed 
changes in cortical thickness in the right and left anterior 
cingulate gyrus following the weight-loss period (38).  
However, the participants in their study were aged  
25–70 years ,  with a  body mass  index (BMI) ≥  of  
25 kg/m2, which may have led to the differences between 
the volumetry results of the present study and those of 
Drummen et al. To date, there are no studies that have 
reported the results of brain relaxometry changes in 
weight loss, and the results remain unclear. As body weight 
regulation is extremely complex, involving the brain 
structure and brain activity and hormones, brain volumetry, 
and relaxometry changes related to the nutrition score still 
require further confirmation.     

As for the mood score, continence score, general health 
status score, and medication use score, no significant 
correlations were found between them and global 
or regional GM parameters. Mood score in the EFS 
mainly focuses on whether the subject often feels sad or 
depressed. Regarding depression, several regional GMV 

changes have been identified in previous studies, including 
volume increase and reduction in different regions, such 
as the amygdala, the dorsal frontomedian cortex, and the 
right paracingulate cortex, etc. (39-41). To date, definite 
relaxometry changes of brain regions in depression 
remain unclear. As the evaluation of mood in the EFS is 
different from the evaluation of depression in previous 
studies, it is difficult to compare our results with previous 
research. As for continence, urge incontinence is common 
in the elderly. Positron emission tomography (PET) and 
functional MRI (fMRI) have unveiled a network of brain 
regions involved in the control of urine (42), among which 
the most firmly established ones were the periaqueductal 
gray, the insula, and the dorsal anterior cingulate  
cortex (43). Furthermore, the prefrontal cortex was also 
mentioned (43). Owing to the differences in techniques 
between the present  s tudy and previous  s tudies , 
comparisons of the results are not available. As for the 
general health status score and medication use score, both 
are overall evaluations of health status and medication use, 
which may also be influenced by subjective factors and may 
have led to the present study’s negative results. Moreover, 
we noticed that the mood score, continence score, general 
health status score, and medication use score did not exhibit 
significant differences between the non-frailty and frailty 
groups in the present study. This point may also influence 
the correlation analysis results to some extent. Overall, the 
confirmation of volumetry and relaxometry changes related 
to the four scores mentioned above still requires further 
study with larger sample sizes.  

To date, the underlying pathology of frailty remains 
unclear, as are the underlying pathologies of each domain 
of the EFS. This makes it difficult to explain the exact 
mechanisms of the volumetry and relaxometry results, 
especially the relaxometry results. According to our review 
of previous studies we made some speculations; however, 
it remains challenging to confirm which factors may 
drive relaxation upwards or result in the opposite effect  
in vivo, as the factors underpinning relaxation are extremely  
complex (13). The possible mechanisms of the EFS and its 
domain scores still need further investigation. However, 
the present study results indicated the significant potential 
of synthetic MRI in revealing the brain’s underlying 
pathophysiological changes in frailty, including changes 
in brain volume, brain tissue microstructure integrity, and 
tissue composition.  

There were some limitations to the present study 
that should be noted. Firstly, the sample size was small. 
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Secondly, this was a cross-sectional study, making it 
difficult to confirm the order of volumetry and relaxometry 
changes and frailty development. Thirdly, regional WM 
parameters were not involved. Fourthly, the subjects’ social 
support score was constant, resulting in a lack of analysis 
of correlations between the social support score and brain 
parameters. A longitudinal follow-up study with larger 
sample size and more comprehensive analysis for further 
investigation of the EFS in the future may resolve the above 
limitations.

In conclusion, brain volumetry and relaxometry 
signatures showed strong associations with the EFS and 
some EFS domain scores in frailty. The associations may 
reveal possible underlying pathophysiology (changes 
in brain volume, brain tissue microstructure integrity, 
and tissue composition) of the EFS and may even reveal 
different EFS domains. 
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Supplementary

Table S1 Correlations between the domain scores of the Edmonton frailty scale (n=40)

General health 
status

Functional 
independence

Medication use Nutrition Mood Continence
Functional 

performance

Cognition

r 0.154 –0.446 –0.034 –0.107 –0.161 –0.017 0.590

Significance 0.343 0.004** 0.837 0.511 0.322 0.918 <0.001***

General health status

r 0.085 0.018 0.191 –0.016 –0.058 –0.009

Significance 0.604 0.911 0.238 0.924 0.723 0.955

Functional independence

r –0.057 0.203 0.048 0.109 –0.782

Significance 0.726 0.209 0.766 0.502 <0.001***

Medication use

r 0.114 0.200 0.085 0.127

Significance 0.483 0.217 0.603 0.434

Nutrition

r 0.250 0.051 –0.069

Significance 0.120 0.757 0.673

Mood

r 0.076 0.080

Significance 0.642 0.623

Continence

r 0.074

Significance 0.649

***, P value <0.001.
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