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Brain imaging data are increasingly made publicly accessible, and volumetric imaging measures derived
from population-based cohorts may serve as normative data for individual patient diagnostic assessment. Yet, these normative cohorts are usually not a perfect reﬂection of a patient's base population, nor
are imaging parameters such as ﬁeld strength or scanner type similar. In this proof of principle study, we
assessed differences between reference curves of subcortical structure volumes of normal controls
derived from two population-based studies and a case-control study. We assessed the impact of any
differences on individual assessment of brain structure volumes. Percentile curves were ﬁtted on the
three healthy cohorts. Next, percentile values for these subcortical structures for individual patients from
these three cohorts, 91 mild cognitive impairment and 95 Alzheimer's disease cases and patients from
the Alzheimer Center, were calculated, based on the distributions of each of the three cohorts. Overall,
we found that the subcortical volume normative data from these cohorts are highly interchangeable,
suggesting more ﬂexibility in clinical implementation.
Ó 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Methods to assist (early) diagnosis of neurological diseases and
neuropsychiatric disorders in a clinical setting are of great importance. Noninvasive brain imaging, for example, with magnetic
resonance imaging (MRI), is an increasingly applied diagnostic tool
* Corresponding author at: Department of Epidemiology, Erasmus University
Medical Center, PO Box 2040, Rotterdam, 3000 CA, The Netherlands. Tel.: þ31 10 70
42006; fax: þ31 10 70 446 57.
E-mail address: m.vernooij@erasmusmc.nl (M.W. Vernooij).
1
Data used in preparation of this article were obtained from the Alzheimer's
Disease Neuroimaging Initiative (ADNI) database (http://adni.loni.usc.edu). As such,
the investigators within the ADNI contributed to the design and implementation of
ADNI and/or provided data but did not participate in analysis or writing of this
report. A complete listing of ADNI investigators can be found at http://adni.loni.usc.
edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf.

to detect brain pathology. To detect pathology on brain imaging, an
understanding of what is normal is important, especially in diseases
with a strong age-related component. A background of “normal
aging” should therefore be taken into account, something that is
difﬁcult to estimate on a visual assessment alone. Many studies
have focused on creating normative values of a broad spectrum of
imaging markers of the human brain. By combining small to relatively large imaging data samples of healthy controls from different
studies to one large imaging data set, normative values for different
brain structure regions in aging were estimated and presented for
clinical use (Potvin et al., 2016, 2017; Peterson et al., 2018; Rummel
et al., 2018; Tutunji et al., 2018). With more and more brain imaging
data from large population cohorts being publicly accessible, simply
choosing a single population cohort to use as reference data would
be feasible and in many (clinical) settings the most pragmatic
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option. However, the ideal reference population is the base population from which that individual patient arises, but data from such
a population are rarely available in the clinical setting. Although the
added value for diagnostic purposes of the use of normative values
on top of visual assessment alone in a clinical setting is increasingly
recognized (Brewer, 2009; Ross et al., 2013, 2015; Vernooij et al.,
2018), it is not known to what extent variations in reference populations may affect the individual patient comparison to reference
data. Furthermore, the choice of reference population is accompanied by differences in scanner types, ﬁeld strength, and acquisition
parameters between normative cohorts, which could introduce
variation in results obtained from automated brain segmentation
methods. Regarding the latter, several studies examined the
robustness of automated segmentation methods across ﬁeld
strengths and scanner types, which have shown that reproducible
segmentations can be obtained with residual volumetric variability
of a few percent (Cavedo et al., 2017; Heinen et al., 2016; Maclaren
et al., 2014; Tudorascu et al., 2016; Velasco-Annis et al., 2018). Yet,
even with a perfectly robust segmentation method, the question
remains whether population differences in structural brain volumes may impact individual patient comparison and whether this
would lead to different clinical management. Are reference populations derived from case-control studies, “healthy controls” for
example, similar to reference populations derived from populationbased cohorts? Or does a reference population need to be similar to
the base population from which an individual patient arises?
Studies using normative reference data for diagnosis of neurological
diseases, such as Alzheimer's disease (AD), commonly focus on
volumetric changes in cortical gray matters areas (Potvin et al.,
2017; Tondelli et al., 2012). More recently, interest in the role of
volume and shape of subcortical brain structures is growing as
relevant (early) brain imaging markers (Kälin et al., 2017; Roh et al.,
2011; Stepan-Buksakowska et al., 2014). A novel approach for
subcortical brain segmentation in T1-weighted MRI brain scans was
recently presented, based on a shape-constrained deformable surface model (Wenzel et al., 2018). Experiments on data both 3T and
1.5T for different scanners indicate good agreement with respect to
independent ground truth segmentations of the subcortical structures using this model-based brain segmentation (MBS) approach,
regardless of the ﬁeld strength or vendor. In this proof-of-principle
study, we assessed differences in normative reference curves for
subcortical structure volumes (including hippocampal volume)
segmented with the MBS method, between reference populations
derived from two population-based studies and normal controls
from a large case-control study. Furthermore, we assessed the
impact of using these different cohorts on individuals with a higher
risk of developing AD (APOE ε4 allele carriers and subjects with
mild cognitive impairment (MCI)) and patients with AD.

2. Material
2.1. Reference populations
In this study, cross-sectional samples of three reference populations were used to estimate and compare the subcortical volume
percentile curves. The reference populations included the Rotterdam Study, the United Kingdom Biobank (UKBB), and normal
controls from the Alzheimer's Disease Neuroimaging Initiative
(ADNI). These studies were approved by a research or medical
ethical committee, and informed consent was obtained from all
subjects. From each study, 3D T1-weighted imaging data were used
for subcortical structure segmentation. In Supplemental Figure 1
the age-distribution of the healthy participants of the Rotterdam
Study, ADNI and UKBB are shown.

2.1.1. Rotterdam Study
We included 895 T1-weighted scans (median age ¼ 66.4,
interquartile range (IQR) ¼ 22.7, 504 women) from the populationbased Rotterdam Study, a prospective longitudinal study among
community-dwelling subjects aged 45 years and over (Ikram et al.,
2017). Scans were randomly selected from the study such that the
age at time of the scan was uniformly distributed within a range of
45-95 years. All brain scans were acquired on a single 1.5-Tesla MRI
system (GE Healthcare, US) (Ikram et al., 2017). In total, 225 of the
895 participants were APOE ε4 carriers (25.1%).
2.1.2. Alzheimer's Disease Neuroimaging Initiative
We included 430 (median age ¼ 74.1, IQR ¼ 7.5, 217 women)
baseline 3D T1-weighted MRI scans from healthy controls from
ADNI. ADNI is a longitudinal multicenter study designed to develop
clinical, imaging, genetic, and biochemical biomarkers for the early
detection and tracking of AD (adni.loni.usc.edu, for up-to-date information, see www.adni-info.org). With the ADNI data set being
the smallest cross-sectional data set of the three cohorts, no further
selection based on age was performed, resulting in an age range
between 55 and 90 years. Participants were scanned on a 1.5- (n ¼
231, 53.7%) or 3-Tesla (n ¼ 199, 46.3%) MRI system from GE Medical
(n ¼ 162), Philips (n ¼ 71), or Siemens (n ¼ 197). In total, 114 of the
430 participants were APOE ε4 carriers (26.5%).
2.1.3. United Kingdom Biobank
We included 876 (median age ¼ 55.0, IQR ¼ 15.0, 428 women)
3D T1-weighted scans from UKBB, all scanned with a 3-Tesla MRI
system (Siemens Healthcare, UK). Scans were randomly selected
from the study such that the age at time of the scan was uniformly
distributed within a range of 40-70 years. UKBB is a prospective
resource gathering extensive questionnaires, physical and cognitive
measures, and biological samples in a cohort of 500,000 participants (Sudlow et al., 2015). In total, 238 of the 876 participants were
APOE ε4 carriers (27.2%).
2.2. Patient data for subject-speciﬁc comparison
We assessed 3D T1-weighted scans from participants with MCI
and AD from the Rotterdam Study and ADNI database and a sample
of the APOE ε4 allele carriers from the healthy participants from the
three reference populations, to evaluate whether subject-speciﬁc
percentile estimations of different participant groups (APOE ε4
allele carriership, MCI or AD) depend on the chosen reference
population. Furthermore, as an independent patient data set, we
included MCI and AD cases from the Alzheimer Center Erasmus MC.
2.2.1. AD and MCI cases from the Rotterdam Study and ADNI
From the Rotterdam Study, 3D T1-weighted scans were selected
from study participants with MCI (n ¼ 41, age ¼ 72  6.4, 22
women) and prevalent AD (n ¼ 45, age ¼ 81.9  4.6, 25 women) at
time of the scan. From the ADNI data set, we selected the baseline
3D T1-weighted scan from patients with MCI (n ¼ 50, age ¼ 75.6 
7.0, 19 women) and patients with AD (n ¼ 50, age ¼ 75.1  7.7, 28
women).
2.2.2. AD and MCI cases from the Alzheimer Center Erasmus MC
Scans from patients with MCI and AD from the Alzheimer Center
Erasmus MC, Rotterdam, The Netherlands, were used as an independent set. Use of clinical data from the Alzheimer Center for
research purposes was approved by the local medical ethical
committee. Informed consent was obtained from all patients. We
used 19 3D T1-weighted scans from patients with MCI (8 women,
age ¼ 69.4  5.6) and 43 3D T1-weighted scans from patients with
AD (15 women, age¼66.8  9.6) who visited the Alzheimer Center

E.J. Vinke et al. / Neurobiology of Aging 84 (2019) 9e16

Erasmus MC between 2011 and 2016. All patient data were acquired
on a single 1.5T MRI system (GE Healthcare, US).
2.3. Participant groups
In the rest of the article, the term “participant groups” will be
used to describe the different subgroups on which the analyses are
performed. The participant groups consist of the following:
 Healthy: healthy participants from the three reference populations (Ntotal ¼ 2201, Rotterdam Study: 895, ADNI: 430,
UKBB: 876).
 APOE ε4 carriers: Healthy participants from the three reference populations who carry one or two APOE ε4 allele(s)
(Ntotal ¼ 158, Rotterdam Study: 47, ADNI: 61, UKBB: 50).
 MCI: participants from the Rotterdam Study and ADNI data set
with MCI (Ntotal ¼ 91, Rotterdam Study: 41, ADNI: 50).
 AD: participants from the Rotterdam Study and ADNI data set
with AD (Ntotal ¼ 95, Rotterdam Study: 45, ADNI: 50).
 MCI AC: patients with MCI who visited the Alzheimer Center
(Ntotal ¼ 19).
 AD AC: patients with AD who visited the Alzheimer Center
(Ntotal ¼ 43).
3. Methods
3.1. Segmentation of subcortical structures on 3D T1-weighted data
This work is based on an MBS as described by Wenzel et al.
(2018), utilizing a shape-constrained deformable surface model
for segmentation of subcortical brain structures from T1-weighted
MRI. Adaptation of subcortical brain surfaces is performed stepwise, starting with global rigid and afﬁne adaptation and followed
by multi-afﬁne and fully deformable adaptation. In each step, a
weighted sum of internal and external energy is minimized. Here,
internal energy relates to deviations from a shape /point distribution model of a training data set. The external energy component is
based on the triangle-speciﬁc spatial distance to a target point
along its normal. Target points are estimated with boundary detector functions that have been trained via a simulated search on
the same training data set. For the used version of MBS, the training
data set included 96 manually delineated 3T scans, equally
distributed between patients with AD and healthy controls between ages 50 and 90 year as well as three device manufacturers
(Philips, Siemens, and GE). The segmentation software is optionally
available as part of the IntelliSpace Discovery workstation for data
analytics in medical imaging.
3.2. Percentile curve ﬁtting
For ﬁtting of percentile curves for each subcortical volume in
each of the three normative cohorts, we used the lambda-musigma (LMS) method (Cole and Green, 1992).The LMS method can
deal with skewed distributions and results in smooth percentile
curves. The assumption of the LMS method is that the data are
standard normally distributed after applying the Yeo-Johnson
transformation, which is an extension of the Box-Cox transformation (Cole and Green, 1992). This method estimates the lparameter of the Yeo-Johnson transformation (Yeo and Johnson,
2000) (L), the median (M), and coefﬁcient of variation (S) for the
appropriate subcortical structure volume at each age. With the
parameters L, M, and S, percentiles can be computed at each age to
obtain a smooth curve. The smoothness of the ﬁtted curves is
inﬂuenced by the degrees of freedom d, a user-deﬁned parameter.
In our experiments, we set the smoothness parameter d to a value of
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2 and we utilized the R-package VGAM (Yee, 2010) for the
percentile curve ﬁtting. The volume of a brain region may also be
inﬂuenced by other covariates than age, for example, sex and head
size. Including a covariate in the LMS model results in an agedependent correction for the confounder. We therefore included
sex in the LMS model as an confounder, which allows different
percentile curves for men and women. To ensure an head size
correction independent of age, head size was regressed out before
ﬁtting the LMS models. The precision of the estimated percentile
curves depends on the number of data points in the appropriate age
range. If the data are nonuniformly distributed over age, it could be
that the curve estimation is not precise in the part where there are
very few data points. To assess the precision of the ﬁtted curves, we
used a bootstrapping procedure, by random sampling subjects with
replacement and re-estimating the percentile curves. A distribution
of possible curves was collected, from which conﬁdence intervals
were estimated (Carpenter and Bithell, 2000).
Percentile curves were ﬁt on the Rotterdam Study, UKBB, and
ADNI reference populations separately for the subcortical volumes
of the hippocampus, amygdala, putamen, thalamus, caudate and
nucleus accumbens, and globus pallidus. With the MBS, the volume
of the caudate and the nucleus accumbens are combined into one
volume. Furthermore, for the analysis, the subcortical volumes
were the sum of the left and right volume. The MBS method does
not segment the extraventricular cerebrospinal ﬂuid (CSF); therefore, the exact intracranial volume (i.e., the sum of brain tissue and
all CSF) was not available. To correct for head size, the “estimated
intracranial volume” was constructed as the sum of total brain
volume and the intraventricular CSF volume. An explorative comparison of the estimated intracranial volume and the intracranial
volume segmented previously in the Rotterdam Study for other
purposes with FreeSurfer 5.1 showed a good correlation (0.93);
therefore, the estimated intracranial volume was used to correct for
head size.
3.3. Subject-speciﬁc comparison
To assess the inﬂuence of using a speciﬁc reference population
on subject-speciﬁc percentile values, scans from all three cohorts
served as a joint test set to reduce a cohort-speciﬁc bias caused by
the different age range covered by each cohort. We estimated the
percentile value for every subcortical structure, for all participant
groups based on each of the three reference cohorts. This results in
three percentile values per subcortical volume for each participant.
To assess differences in these percentile values, the distributions of
the percentile values based on the three reference populations
within the different participant groups are compared using a
Welch's two-sample t-test. In addition, the shift function, as
described by Rousselet and Wilcox et al. (Rousselet and Wilcox,
2017), was used to describe the differences between the percentile distributions based on the three different populations, to account for non-normally distributed percentile distributions within
the participant groups.
4. Results
Table 1 shows the characteristics of the different participant
groups. Characteristics of the participant groups per cohort are
shown in Supplementary Table 1.
4.1. Normative percentile curves
In Fig. 1, the normative percentile curves based on the Rotterdam
Study, ADNI, and UKBB data sets are shown for the subcortical
structure volumes: (A) hippocampus, (B) amygdala, (C) thalamus,
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Table 1
Characteristics of the participant groups
Characteristic

Healthy

APOE ε4 carriers

MCI

Age (y)a
Sex, women
Hippocampus volume (mL)
Amygdala volume (mL)
Putamen volume (mL)
Thalamus volume (mL)
Caudate and accumbensb volume (mL)
Globus pallidus volume (mL)
Estimated intracranial volume (mL)

63.6
1149
6.3
1.9
8.2
13.0
7.5
2.8
1229.4

68.8
74
6.3
1.9
8.3
13.1
7.6
2.8
1245.0

74.5
41
5.7
1.7
7.7
12.2
7.2
2.7
1229.4

(20.5)
(0.52)
(0.8)
(0.3)
(1.0)
(1.5)
(0.9)
(0.4)
(127.2)

(18.7)
(0.47)
(0.8)
(0.3)
(1.0)
(1.4)
(0.9)
(0.3)
(126.6)

AD
(10.7)
(0.45)
(0.9)
(0.3)
(1.0)
(1.5)
(0.9)
(0.4)
(144.8)

79.2
53
4.7
1.4
7.2
11.2
6.6
2.5
1137.7

MCI AC
(10.4)
(0.56)
(0.8)
(0.3)
(0.8)
(1.0)
(0.8)
(0.3)
(123.6)

70.1
8
6.0
1.9
7.9
12.2
7.2
2.8
1239.4

AD AC
(6.9)
(0.42)
(0.7)
(0.3)
(1.0)
(1.3)
(1)
(0.3)
(137.9)

66.0
15
5.3
1.6
7.3
12.2
6.8
2.7
1212.2

(11.9)
(0.35)
(0.9)
(0.3)
(0.8)
(1.7)
(1.4)
(0.3)
(140.9)

Continuous variables are presented as means (standard deviations), and categorical variables as numbers (percentages).
Key: APOE ε4 carriers, healthy participants from the three reference populations who carry one or two APOE ε4 allele(s) (Ntotal ¼ 158); AD AC, patients with AD who visited the
Alzheimer Center (Ntotal ¼ 43); AD, participants from the Rotterdam Study and ADNI data set with AD (Ntotal ¼ 95); Healthy, healthy participants from the three reference
populations (Ntotal ¼ 2201); MCI, participants from the Rotterdam Study and ADNI data set with MCI (Ntotal ¼ 91); MCI AC, patients with MCI who visited the Alzheimer Center
(Ntotal ¼ 19).
a
Age is presented as the median and interquartile range because of the non-normal distribution of age.
b
Combined caudate and nucleus accumbens volume (mL).

(D) putamen, (E) caudate and nucleus accumbens, and (F) globus
pallidus. Considering the percentile curves and the corresponding
conﬁdence intervals around each curve, the percentile curves of
hippocampus volume and caudate and nucleus accumbens of the
three normative cohorts largely overlap, with a slightly higher
volume in ADNI compared with Rotterdam Study and UKBB. For the
amygdala, the percentile curves show small differences with higher
volumes for UKBB, followed by ADNI and the lowest volumes for
Rotterdam Study. For the putamen, thalamus, and globus pallidus,
the ADNI and UKBB curves largely overlap, but the Rotterdam Study
percentile curves show a lower volume. Furthermore, for almost all
subcortical structures, the Rotterdam Study percentile curves show
a larger decrease in volume over age than ADNI; however, the
steepness of the curves between Rotterdam Study and UKBB seems
comparable.

4.2. Subject-speciﬁc comparison
In Table 2, the average percentile values and standard deviations
are shown for the different participant groups when based on each
of the three normative cohorts. In general, differences shown in the
percentile curves in Fig. 1 result in signiﬁcant differences in the
percentile distributions. For hippocampus and caudate volume,
there are no signiﬁcant differences in using the percentile curves
from the Rotterdam Study, ADNI, or UKBB for any of the different
participant groups. For the volumes of the putamen, there were
signiﬁcant differences in the percentiles within the healthy participants. Yet, for the APOE ε4 carriers, patients with MCI and AD,
these differences were not signiﬁcant. For the volumes of the
thalamus, both the percentiles of the healthy participants and the
patients with AD were statistically signiﬁcant.

Fig. 1. Percentile curves of the subcortical structure volumes based on Rotterdam Study, UK Biobank (UKBB), and Alzheimer's Disease Neuroimaging Initiative (ADNI) data. The
lower and upper dotted lines represent the 2.5% and 97.5% percentile curves, the lower and upper dashed lines represent the 25% and 75% percentile lines, and ﬁnally, the solid line
represents the 50% percentile line, respectively. Around each percentile line the conﬁdence interval is shown.
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Table 2
Comparison of percentile values of the participant groups based on each of the three cohorts as reference curves
Subcortical structure

Hippocampus

Amygdala

Putamen

Thalamus

Caudate and nucleus accumbens

Globus pallidus

Participant group

Healthy
APOE ε4
MCI
AD
Healthy
APOE ε4
MCI
AD
Healthy
APOE ε4
MCI
AD
Healthy
APOE ε4
MCI
AD
Healthy
APOE ε4
MCI
AD
Healthy
APOE ε4
MCI
AD

carriers

carriers

carriers

carriers

carriers

carriers

RSref
0.51
0.51
0.34
0.14
0.62
0.60
0.40
0.22
0.57
0.60
0.51
0.48
0.56
0.59
0.41
0.42
0.51
0.55
0.45
0.38
0.66
0.7
0.67
0.61

ADNIref
(0.29)
(0.31)
(0.30)
(0.21)
(0.30)
(0.32)
(0.31)
(0.27)
(0.28)
(0.26)
(0.25)
(0.29)
(0.28)
(0.27)
(0.29)
(0.27)
(0.28)
(0.26)
(0.28)
(0.27)
(0.28)
(0.26)
(0.25)
(0.30)

0.51
0.51
0.33
0.14
0.56
0.55
0.34
0.18
0.55
0.58
0.47
0.43
0.61
0.64
0.43
0.39
0.53
0.57
0.45
0.38
0.42
0.47
0.40
0.36

UKBBref

(0.30)
(0.32)
(0.30)
(0.21)
(0.31)
(0.33)
(0.30)
(0.24)
(0.30)
(0.29)
(0.28)
(0.31)
(0.31)
(0.29)
(0.32)
(0.29)
(0.30)
(0.28)
(0.30)
(0.29)
(0.32)
(0.32)
(0.30)
(0.31)

0.51
0.51
0.34
0.13
0.38
0.38
0.20
0.09
0.49
0.52
0.46
0.50
0.52
0.56
0.46
0.51
0.53
0.57
0.50
0.47
0.40
0.46
0.41
0.39

(0.30)
(0.32)
(0.32)
(0.21)
(0.29)
(0.29)
(0.24)
(0.16)
(0.30)
(0.29)
(0.27)
(0.30)
(0.29)
(0.28)
(0.29)
(0.26)
(0.29)
(0.28)
(0.30)
(0.30)
(0.30)
(0.31)
(0.28)
(0.30)

Difference

Ntotal

(p-value)

(RS; ADNI; UKBB)

1
1
1
1
<0.001a
<0.001b
<0.001b
<0.001c
<0.001b
0.39
1
1
<0.001a
0.17
1
0.028d
1
1
1
0.54
<0.001e
<0.001e
<0.001e
<0.001e

2201
158
91
95
2201
158
91
95
2201
158
91
95
2201
158
91
95
2201
158
91
95
2201
158
91
95

(895; 430; 876)
(47; 61; 50)
(41; 50; 0)
(45; 50; 0)
(895; 430; 876)
(47; 61; 50)
(41; 50; 0)
(45; 50; 0)
(895; 430; 876)
(47; 61; 50)
(41; 50; 0)
(45; 50; 0)
(895; 430; 876)
(47; 61; 50)
(41; 50; 0)
(45; 50; 0)
(895; 430; 876)
(47; 61; 50)
(41; 50; 0)
(45; 50; 0)
(895; 430; 876)
(47; 61; 50)
(41; 50; 0)
(45; 50; 0)

Mean and standard deviation of the percentiles of the different participant groups (healthy participants, APOE ε4 carriers, participants with MCI, and participants with AD)
based on the reference curves of each of the three normative cohorts (RS ref, ADNI ref, and UKBB ref).
Difference: smallest p-value of the paired t-tests; Ntotal: sample size of the participant groups.
Key: RS, Rotterdam Study; UKBB, United Kingdom Biobank; ADNI, Alzheimer's Disease Neuroimaging Initiative; APOE ε4 carriers, healthy participants from the three reference
populations who carry one or two APOE ε4 allele(s); AD, participants from the Rotterdam Study and ADNI data set with AD; AD AC, patients with AD who visited the Alzheimer
Center; Healthy, healthy participants from the three reference populations; MCI, participants from the Rotterdam Study and ADNI data set with MCI; MCI AC, patients with MCI
who visited the Alzheimer Center.
a
percentile values based on the three normative cohorts are all signiﬁcantly different from each other.
b
percentile values based on UKBB data are signiﬁcantly different from those based on the other cohorts.
c
percentile values based on Rotterdam Study data are signiﬁcantly different from those based on the UKBB data.
d
percentile values based on ADNI data are signiﬁcantly different from those based on the UKBB data.
e
percentile values based on Rotterdam Study data are signiﬁcantly different from those based on the other cohorts.

For the amygdala volume, the percentile values based on the
three cohorts were all signiﬁcantly different. However, for the APOE
ε4 carriers, MCI and AD cases, only the percentile values based on
UKBB were signiﬁcantly lower than the other reference cohorts. For
the globus pallidus, there was a signiﬁcantly higher percentile value
based on the Rotterdam Study data versus the other two cohorts,
which is a reﬂection of the signiﬁcantly lower percentile curves for
the Rotterdam Study, as shown in Fig. 1.
In Supplemental Fig. 2, the results from the shift-function analyses are shown, for the four different participant groups. The results show overall a straight line for all participant groups,

indicating a ﬁxed percentile difference when comparing the percentiles based on two different populations, which is independent
of the percentile value itself. The exceptions are the comparison of
amygdala percentiles based on UKBB compared with those based
on the Rotterdam Study and ADNI. Here, a higher percentile value is
related to a larger percentile difference. The same holds for the
globus pallidus percentile based on the Rotterdam Study compared
with ADNI and UKBB.
Finally, in Table 3, the mean and standard deviation of the
estimated percentiles for the participants with AD and MCI from
the Alzheimer Center are shown. Within this sample, there was

Table 3
Comparison of percentile values of the participants with MCI and AD from the Alzheimer Center, based on the reference curves from each of the three normative cohorts (RSref,
ADNIref, and UKBBref)
Subcortical structure

Participants

Average percentile (SD)
RSref

Hippocampus
Amygdala
Putamen
Thalamus
Caudate and nucleus accumbens
Globus pallidus

MCI
AD
MCI
AD
MCI
AD
MCI
AD
MCI
AD
MCI
AD

0.36
0.16
0.58
0.27
0.49
0.3
0.33
0.34
0.41
0.33
0.67
0.66

(0.32)
(0.23)
(0.36)
(0.3)
(0.3)
(0.23)
(0.23)
(0.29)
(0.3)
(0.33)
(0.24)
(0.31)

ADNIref

UKBBref

0.36
0.16
0.53
0.22
0.46
0.26
0.34
0.35
0.41
0.34
0.4
0.44

0.38
0.16
0.39
0.14
0.42
0.23
0.31
0.31
0.43
0.35
0.4
0.43

(0.33)
(0.22)
(0.36)
(0.28)
(0.32)
(0.24)
(0.26)
(0.32)
(0.31)
(0.34)
(0.32)
(0.33)

(0.33)
(0.22)
(0.33)
(0.24)
(0.31)
(0.23)
(0.22)
(0.3)
(0.3)
(0.34)
(0.3)
(0.32)

Difference

N

1
1
1
0.5
1
1
1
1
1
1
0.08
0.023a

19
43
19
43
19
43
19
43
19
43
19
43

Difference: smallest p-value of the paired t-tests; Ntotal: sample size of the participant groups; N: sample size of the Alzheimer Center set.
Key: AD, Alzheimer's disease; MCI, mild cognitive impairment; RS, Rotterdam Study; UKBB, United Kingdom Biobank; ADNI, Alzheimer's Disease Neuroimaging Initiative.
a
percentile values based on Rotterdam Study data are signiﬁcantly different from those based on other cohorts.
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only a signiﬁcant difference for the globus pallidus volume in the
patients with AD. Other percentile estimations in these groups did
not differ depending on the reference curves applied.
5. Discussion
In this study, we calculated normative reference curves for
subcortical structure volumes from reference populations that were
either derived from population-based studies or from normal
controls of a case-control study. We used a segmentation method
for which previous experiments on data from both 3T and 1.5T for
different scanners indicate good agreement with respect to independent ground truth segmentations, regardless of the ﬁeld
strength or vendor. We found that for most subcortical structures,
the percentile curves of the subcortical structures largely overlap.
This indicates only small differences between the subcortical volumes of these reference populations, regardless of differences in
vendors, ﬁeld strength, acquisition, and population differences.
When estimating the percentile values for various participant
groups that may be evaluated in a clinical setting (APOE ε4 carriers,
and patients with MCI and AD), the choice of reference population
did not inﬂuence the percentile distribution signiﬁcantly, except for
the smallest subcortical structures: amygdala and globus pallidus.
In particular, the hippocampus percentile curve was very robust
across the participant groups. This indicates that individual diagnostic assessment in a clinical setting, based on subcortical volume
information, may not be biased by the use of a speciﬁc reference
population.
5.1. Strengths and limitations
A major strength of this study is the use of a single segmentation
tool on MRI scans from various different large reference populations, giving a comprehensive overview of subcortical volumes
in aging in these populations. Another strength of the study is the
availability of scans from patient groups (MCI and AD) from the
Rotterdam Study and ADNI, as well as a patient population independent from the reference populations, that is, the Alzheimer
Center data. There are a number of limitations associated with this
study. First, a limitation concerning the volume segmentation
method used in this study is the lack of segmentation of extraventricular cerebrospinal ﬂuid because of which the intracranial
volume estimated in this study gives an underestimation of the true
intracranial volume (or head size). This underestimation may lead
to an underestimation of the atrophy effect in aging, when the
changes in ventricular cerebrospinal ﬂuid are not representative of
the extraventricular cerebrospinal ﬂuid changes in aging. Yet, a
sensitivity analysis within the Rotterdam Study population in
whom both estimated intracranial volume and exact intracranial
volume were available showed these effects to be negligible. Second, the LMS method used in this study for the estimation of the
percentile curves results in smooth percentile curves in aging,
which can deal with skewed distributions. Within this study, other
methods to estimate percentile curves would also have been suitable, assuming that the subcortical volumes over age are normally
distributed. Within the context of this study, we believe that the
impact of the choice of the percentile curve estimation method on
the differences between populations is minimal, as long as the same
percentile curve ﬁtting method is the same for the different reference populations. Third, a limitation concerning the generalizability
of these percentile curves is the fact that the vast majority of the
healthy study participants and the participant groups are Caucasian. Therefore, differences in percentile curves which could result
from differences in ethnicity of study populations are not assessed
in this study. Fourth, in this study, we are not able to determine the

exact source of differences in the subcortical volumes between
reference populations because of the variation in vendor, ﬁeld
strength, and acquisition used in the different populations. However, we are able to demonstrate the magnitude of these differences, indicating the impact of these differences on individual
patient assessment in an everyday clinical setting. Fifth, the lack of
overlap of the complete age range of all three reference populations
is a limitation of this study, making comparison of the reference
curves more difﬁcult. Given the important differences in age ranges,
comparison of percentile volumes of healthy participants was
performed on the combined healthy participants of the Rotterdam
Study, ADNI, and UKBB, although the percentile curves itself were
ﬁtted on these same reference populations. Ideally, separate
healthy participants from the same reference populations, which
are not included in the percentile curve ﬁtting, would be used to
test percentile value differences for the different reference populations. Furthermore, this study was limited to the subcortical
structure volumes including hippocampus volume, whereas in a
clinical setting, other (cortical) brain volumes would be also of
importance. The current choice for subcortical volumes was driven
on the one hand by an increasing scientiﬁc interest into subcortical
volumes in neurological diseases (including neurodegenerative
diseases in older age) and on the other hand because of the availability of a proven robust segmentation algorithm, which performs
population- and vendor-independent, eliminating potential sources of noise. Yet, a logical next step would be to explore the
dependence of cortical segmentation algorithms on the choice of
reference population. Finally, in this study, the patient population
on which the effect of different reference populations were estimated consisted of only patients with AD or participants at higher
risk of AD. Next step would be to evaluate reference curves of a
broad spectrum of brain structures based on different reference
populations and the effect of these differences on diagnostic assessments in different neurological diseases and neuropsychiatric
disorders.
5.2. Differences between reference populations
In general, we found slightly lower reference volumes based on
the scans from the Rotterdam Study compared with the ADNI and
UKBB reference curves. A possible explanation for these differences
is that the Rotterdam Study population is a population-based cohort,
whereas ADNI has a case-control design. Within the healthy set of
the Rotterdam Study, participants with MCI or AD at time of the scan
were excluded, whereas the ADNI controls are cognitively normal
with no memory complaints and no signiﬁcant cognitive impairment. Therefore, the control subjects from ADNI are expected to be
healthier than the Rotterdam Study population. On the other hand,
Rotterdam Study percentile curves also show a slightly lower value
than the UKBB percentile curves, which is a population-based cohort
as well. This may be due to a lower response rate in the UKBB, with
the possibility of healthy selection bias. Furthermore, a slight increase in subcortical volume has been seen in the ADNI reference
curves from age 80 to 85. A possible explanation might be that with
increasing age (especially from age 80 and older), the ADNI controls
become proportionately healthier than control subjects from a
population-based study because of the fact that the higher a subject's age, the more likely he or she is to have memory complaints.
This could be interpreted as an increasing healthy selection bias with
age. Another possible explanation for differences between reference
populations could be the fact that scans from both the Rotterdam
Study and UKBB have each been acquired on the same vendor (with
only a single scanner for the Rotterdam Study), whereas scans in the
ADNI database were collected from different scanners, ﬁeld
strengths, and scanner types. Therefore, characteristics of a single
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scanner or vendor with an impact on volumetric segmentation
might be more dominant in Rotterdam Study and UKBB curves. This
effect might have a larger impact on small structures as well as such
with subtle contrast boundaries like amygdala and globus pallidus,
explaining more pronounced differences between their corresponding percentile curves and additionally the larger percentile
differences with higher percentile volumes in these small structures.
The study by Potvin et al. (2016) that created normative curves for
subcortical structures and evaluated the effects of scanner characteristics also showed that for the amygdala structure volume, the
effects of scanner characteristics were modest, whereas in the most
other structures, the effect was minor compared to age, sex, and
intracranial volume.
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6. Summary and conclusion
Overall, we found that the percentile curves of the subcortical
structure based on three different reference populations largely
overlap, indicating only small differences between the subcortical
volumes of these populations, regardless of differences in vendors,
ﬁeld strength, acquisition, and population differences. Therefore,
we conclude that the subcortical volume data of these three cohorts
are interchangeable, suggesting more ﬂexibility in clinical
implementation.
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