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Abstract
The volume of the hippocampus decreases more slowly than the volume of the cortex during normal aging. We explored 
changes in the hippocampus-to-cortex volume (HV:CTV) ratio with increasing age in non-demented Parkinson’s disease 
(PD) patients as compared to healthy controls (HC). We also evaluated the association between the HV:CTV ratio and 
cognitive outcomes. Altogether 130 participants without dementia aged 51–88 years were consecutively enrolled, includ-
ing 54 PD patients (mean age 67, standard deviation (SD) 8 years) and 76 HC (mean age 69, SD 7 years). All participants 
underwent structural magnetic resonance examination and psychological evaluation. Hippocampal and cortex volumes 
were determined from T1 and FLAIR scans using FreeSurfer software, and the HV:CTV ratio was calculated. Regression 
lines for age-dependence of the HV:CTV ratio for PD and HC groups were calculated. We further assessed the association 
between the HV:CTV ratio and cognitive tests examining hippocampus-related cognitive functions. PD patients and age-
matched HC showed a significant difference in age-dependence of HV:CTV ratio (p value = 0.012), with a decreasing slope 
in PD and increasing slope in HC. In the PD group, a significant correlation (R = 0.561, p = 0.024) was observed between 
the HV:CTV ratio and the Digit Symbol-Coding test. The reduction of HV:CTV ratio is accelerated in pathological aging 
due to PD pathology. The HV:CTV ratio was associated with impaired processing speed, i.e., the cognitive function that is 
linked to subcortical alterations of both associated basal ganglia circuitry and the hippocampus.
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Abbreviations
AD  Alzheimer’s disease
CSF  Cerebrospinal fluid
GDS  Geriatric Depression Scale
GLM  General linear model
GM  Gray matter
HC  Healthy controls
HV:CTV ratio  Hippocampus-to-cortex volume ratio
JLO  Judgment of Line Orientation
MCI  Mild cognitive impairment
MoCA  Montreal cognitive assessment

MRI  Magnetic resonance imaging
PD  Parkinson’s disease
SD  Standard deviation
UPDRS  Unified Parkinson’s Disease Rating Scale

Introduction

Gray matter (GM) atrophy on magnetic resonance imaging 
(MRI) is a marker of brain neurodegeneration. A characteris-
tic cortical GM atrophy pattern has not yet been conclusively 
established for Parkinson’s disease (PD) (Krajcovicova et al. 
2019). This may be at least partially due to the fact that 
PD is a pathologically and genetically heterogeneous entity 
(Litvan et al. 2012). Early cognitive deficits in PD primarily 
affect attention and the executive functions (Lawson et al. 
2016) due to dopaminergic deficits and dysfunctions of the 
associated basal ganglia circuitry (Ferrazzoli et al. 2018). 
Other cognitive functions, such as memory or visuospatial 
functions, could also be impaired in PD patients. It was 
reported that mild cognitive impairment (MCI) is present in 
approximately 20% of PD patients at the time of diagnosis 
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and in about 60% of PD-MCI converted to dementia (PD-D) 
during 5 years of follow-up (Aarsland et al. 2021). Previ-
ous research also showed that PD-D significantly differed 
from PD-MCI in tests of executive functions and visuospa-
tial functions (Biundo et al. 2014). While frontal lobe (i.e., 
an output region of the associated basal ganglia circuitry) 
atrophy alone may predict dementia in the PD population 
(Chung et al. 2019), both fronto-parietal GM loss and tem-
poral region atrophy patterns involving the hippocampus, 
entorhinal cortex, and inferior temporal lobe seem to be 
characteristic for PD-dementia (Rektorova et  al. 2014). 
Moreover, medial temporal atrophy and baseline cerebro-
spinal fluid (CSF) Aβ were shown to independently predict 
subsequent cognitive impairment in PD (Tropea et al. 2018; 
Weintraub et al. 2012).

Indeed, hippocampal atrophy on structural MRI is prob-
ably the best documented specific pathological feature in 
both typical and limbic variants of Alzheimer’s disease (AD) 
(Jack et al. 2018). It has been shown that the hippocampus-
to-cortex volume (HV:CTV) ratio serves as a valuable MRI 
biomarker for identifying various AD subtypes, closely fol-
lowing the spatial distribution of tau pathology (Risacher 
et al. 2017; Whitwell et al. 2012).

However, both cortical and subcortical atrophy also occur 
physiologically due to aging (Fjell et al. 2014; Thomann 
et al. 2013). The rate of cortical and subcortical atrophy 
is not the same; in healthy subjects, the volume of the hip-
pocampus decreases more slowly than the volume of the 
cortex (Nobis et al. 2019). Since both cortical and medial 
temporal lobe atrophy are documented in PD subjects, our 
first objective was to explore the relationship between vol-
ume reduction of the hippocampus and volume reduction of 
the cortex relative to age in PD patients without any major 
cognitive impairment as compared to age-matched healthy 
controls (HC). We hypothesize that the HV:CTV ratio reduc-
tion with age is higher in PD patients than in age-matched 
controls.

Our second objective was to explore the association 
between the HV:CTV ratio and the variability of cognitive 
tests scores of interest in PD patients, i.e., the scores of tests 
examining cognitive functions that are linked to the hip-
pocampus and that are known to be impaired in early PD. 
Our hypothesis is that the HV:CTV ratio reduction is cor-
related with specific cognitive deficits in PD patients.

Methods

Participants

We enrolled clinically established PD patients (Postuma 
et  al. 2016) and age-matched healthy controls in this 
study. The disease severity was assessed using the Unified 

Parkinson’s Disease Rating Scale (UPDRS), part III (Motor 
Examination) scale. Any subject experiencing a current 
depressive episode, based on the Geriatric Depression Scale 
(GDS < 10) and a clinician’s interview with the subject, was 
excluded. Exclusion criteria also included alcohol or drug 
abuse, hallucinations, and any diagnosed psychiatric disor-
der. We included only subjects without dementia, based on 
the Montreal Cognitive Assessment (MoCA) test for demen-
tia, MoCA > 20 (Biundo et al. 2014), and on a clinician’s 
interview with a caregiver. These exclusion criteria were the 
same for the HC and PD groups. Only clinically established 
PD participants (Postuma et al. 2016) on stable dopamin-
ergic medication and without dyskinesias were included in 
this study.

The study was conducted at the Central European Insti-
tute of Technology (CEITEC) Neuroscience Center, at 
Masaryk University in Brno. The research was approved by 
the ethics committee at Masaryk University; informed con-
sent was obtained from all participants.

Neuropsychological assessment

We were specifically interested in evaluating cognitive 
functions in which the hippocampus plays a role, includ-
ing memory encoding (Hardcastle et al. 2020; Zatorre et al. 
2012), attention (Ruiz et al. 2020), cognitive processing 
speed (O’Shea et al. 2016; Papp et al. 2014), and visuospa-
tial functions (Kravitz et al. 2011; Yamamoto et al. 2014). 
Specific neuropsychological tests were chosen based on a 
recommendation for the cognitive assessment of PD patients 
by Litvan et al. (2012). To assess processing speed, we used 
the Digit Symbol-Coding test from the Wechsler Adult 
Intelligence Scale III (David 1997); to assess hippocampus-
related memory deficits, we used the Word List recognition 
from the Wechsler Memory Scale III (David 1997), and to 
assess visuospatial functions, we used the Judgment of Line 
Orientation (JLO) (Benton et al. 1994). The z-scores were 
computed for each neuropsychological test mentioned above.

MRI imaging

Data acquisition

MRI examinations were performed on a Siemens Prisma 
3 T scanner using a 64-channel head coil. The MRI protocol 
for  morphometry included 3D T1-weighted magnetization 
prepared rapid gradient echo (MPRAGE) sequence with 
TR = 2.3 s, TE = 2.33 ms, TI = 0.9 s, FA = 8°, isometric voxel 
size 1 mm in FOV 224 × 224 mm, and 240 slices and 3D 
Fluid-attenuated inversion recovery (FLAIR) sequence with 
TR 6000 ms, TE 387 ms, TI1 1900 ms, vox 1 × 1 × 1 ×  mm.

Data from all participants were manually checked for 
artifacts, and pathology was checked by an experienced 
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radiologist. Participants who did not meet quality criteria 
were excluded from the study (scans with technical artifacts; 
scans with movement artifacts, or scans with inaccurate seg-
mentation). Participants with intracranial pathology, such as 
tumors or stroke, were excluded.

Data processing

Anatomical MRI data were segmented using FreeSurfer 7. 
Cortical structures were defined using the Desikan–Killiany 
cortical atlas (Desikan et al. 2006).

The HV:CTV ratio was calculated in accordance with 
Risacher et al. (2017) as a sum of left and right hippocampal 
volumes divided by a sum of left and right lateral frontal 
cortices (caudal middle frontal gyrus, pars opercularis, pars 
triangularis, rostral middle frontal gyrus), lateral parietal 
cortices (superior parietal gyrus, inferior parietal gyrus, 
supra-marginal gyrus), and superior temporal gyri.

Statistical analysis

Differences between the HC and PD study groups in age, 
education in years, and cognitive assessment (MoCA, GDS, 
Word List Recognition, Digit Symbol-Coding, and JLO) 
were explored using a two-sample t test.

The first objective of our study was to test whether the 
dependence of the HV:CTV ratio on age differed between 
HC and PD. We used a general linear model that modeled 
factor groups with two levels for HC and PD, and the inter-
action of age and group. As we cannot disprove the potential 
effects of gender, education in years, or GDS on the ratio, we 
added these variables to the model as covariates of no inter-
est. We hypothesized a potential effect of UPDRS III and 
disease duration on patient ratio; therefore, we added these 

HV:CTVratio =

hipocampal volume

cortical volume

two covariates as well (filled by zeros for HC). The model 
was estimated using the ordinary least squares approach. 
Finally, we tested the following effects of interest with 
appropriate contrasts and t tests (Friston et al. 2007). The 
level of statistical significance was set to p < 0.05. Effects 
of interests:

1. the mean difference between HC and PD,
2. age interaction difference between HC and PD,
3. effect of the disease duration and UPDRS III.
Pearson’s partial correlation was used to assess the sec-

ond objective. The partial correlation of Word List Recog-
nition, Digit Symbol-Coding, and JLO was used to investi-
gate links between HV:CTV ratio and the cognition of PD 
patients. Age, sex, education (in years), and GDS score were 
used as covariates of no interest.

Results

Altogether 54 clinically established PD patients (18 women) 
and 76 healthy controls (55 women) aged 51–88 years meet-
ing the inclusive criteria were enrolled. See Table 1 for 
demographic and clinical data.

The PD and HC groups were not significantly differ-
ent in age and years of education, but they differed in sex 
(more males in the PD group than in the HC group). The PD 
patients had significantly more depressive symptoms (how-
ever, the subjects were not experiencing a current depressive 
episode) and lower z-scores for the Digit Symbol-Coding 
test than HC; see Table 1 for details.

HV:CTV ratio comparison between PD and HC 
groups

The PD (mean = 0.0688; standard deviation (SD) = 0.0084) 
and HC (mean = 0.0722; SD = 0.0092) groups were signifi-
cantly different in HV:CTV ratio with a p value = 0.0390.

Table 1  Demographic data and 
cognitive tests in PD and HC 
groups

Test name PD HC HC vs. PD

Mean SD Mean SD p value

Age 66.78 8.40 68.99 6.50 0.094
Years of education 15.30 2.99 15.57 2.53 0.440
UPDRS III in the in ON motor state 16.22 7.44 – – –
Duration of disease 6.48 5.16 – – –
Levodopa equivalent dose (LED) 1010.21 mg 521.37 mg – – –
MoCA 25.26 2.26 26.43 1.96 0.062
GDS 4.00 3.01 2.04 2.07 0.002
Word list recognition 0.37 0.91 0.62 0.91 0.141
Digit symbol coding − 0.65 0.87 0.21 0.79 0.002
JLO − 0.33 1.04 0.18 0.77 0.062
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Age‑dependence of HV:CTV ratio for PD and HC 
groups

The age-dependence of HV:CTV ratio for HC (blue) and 
PD (red) is plotted in Fig. 1. Linear regression lines are 
calculated for each group. The blue line increases at a 
slope of 0.0001 for HC; the red line decreases at a slope 
of − 0.0004 for PD. The difference in regression slopes 
between groups was significant with a p value = 0.0124.

We were additionally interested in the impact of the 
disease duration and severity on the HV:CTV ratio. The 
appropriate p values were 0.2014 and 0.4548, respectively. 
The effect of neither variable was significant.

Relationship between HV:CTV ratio 
and psychological tests

We found a significant partial correlation with the Digit 
Symbol-Coding test (r = 0.561; p = 0.024). For details see 
Table 2.

Discussion

Our study investigated the impact of PD pathology on 
changes in the HV:CTV ratio with increasing age. We found 
that the hippocampal volume loss relative to cortical vol-
ume loss was significantly higher in PD than in HC. While 
there is a significant acceleration in the rate of hippocampal 

Fig. 1  Age-dependence of HV:CTV ratio - regression lines for PD and HC groups

Table 2  Partial correlations 
between neuropsychological 
tests of interest and HV:CTV 
ratio in PD group

Memory Attention/ processing speed Visuospa-
tial func-
tions

HV:CTV ratio Word list recognition Digit symbol coding JLO
r = − 0.075 r = 0.561 r = 0.272
p = 0.612 p = 0.024 p = 0.309
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volume loss in middle age even in HC (Nobis et al. 2019; 
Thomann et al. 2013), we demonstrated that this was more 
pronounced in the PD group. In AD, clinico-pathological 
studies demonstrated that the HV:CTV ratio decreases 
reflect the spatial distribution of tau pathology (Risacher 
et al. 2017; Whitwell et al. 2012), and predicted faster clini-
cal decline in AD patients who were clinically indistinguish-
able at baseline except for a greater dysexecutive syndrome. 
The pathological cause of the accelerated decline of the hip-
pocampus relative to cortical atrophy in the PD population 
with increasing age is unknown. It has been hypothesized 
that posterior temporo-parietal changes are mainly caused 
by structural pathology, such as Lewy body and amyloid 
deposits (Halliday and McCann, 2010; Irwin et al. 2012; 
Kehagia et al. 2013); however, cholinergic neuron losses in 
the nucleus basalis of Meynert and other cholinergic struc-
tures of the basal forebrain may also impact the AD pattern 
of atrophy in PD (Ray et al. 2018). Of note, solely hippocam-
pal volume was shown to be a major predictor for developing 
MCI and dementia in PD (Kandiah et al. 2014).

We showed that the HV:CTV ratio decreases were related 
to impaired performance on a test that particularly reflects 
cognitive processing speed (Rektorova et al. 2005) and is 
known to be linked to both hippocampal integrity(O’Shea 
et al. 2016; Papp et al. 2014; Ruiz et al. 2020) and dopamin-
ergic deficiency in PD (Ferrazzoli et al. 2018). This distinct 
association may due to the fact that the variability in the 
Digit Symbol-Coding test was higher than in other evaluated 
tests in the PD group and it was significantly more impaired 
in PD than in HC. The major results of the HV:CTV ratio 
decreases were not influenced or explained by the disease 
severity or by the disease duration.

The study limitation is a heterogeneous group of PD 
patients with variability in disease duration and severity 
and an unbalanced number of men and women. Future pro-
spective studies will be required to investigate whether the 
HV:CTV ratio and its temporal change can be used as bio-
markers of cognitive impairment progression and of demen-
tia conversion in PD.

In conclusion, we demonstrated that the reduction of 
HV:CTV ratio is accelerated in pathological aging due to PD 
pathology. The HV:CTV ratio was associated with impaired 
processing speed, i.e., the cognitive function that is linked 
to subcortical alterations of both associated basal ganglia 
circuitry and the hippocampus.
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