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ABSTRACT: Brain magnetic resonance imaging (MRI) studies of clinical populations often require comparison to a normative ‘control’
cohort, usually of similar age/sex, scanned with the same protocol. The goal here was to create a normative brain MRI database of common
quantitative methods to be used in comparisons with a variety of neurological disorders across the lifespan. 378 neurotypical controls (aged
5–90 years; median 31 years; 216 females, 162 males) completed brain MRI, cognitive testing, clinical assessment, and a demographics
questionnaire. In addition, this large normative sample will yield novel insight into healthy brain development and aging.

RÉSUMÉ : Une base de données normative d’examens d’IRM du cerveau effectués chez des participants neuro-typiques âgés de 5 à 90
ans. Les études d’imagerie par résonance magnétique (IRM) du cerveau portant sur des populations cliniques nécessitent souvent une com-
paraison avec une cohorte normative formée de témoins, généralement d’âge et de sexe similaires, et en fonction du même protocole. Dans le
cas d’examens d’IRM du cerveau, notre objectif a été ici de produire une base de données normative des méthodes quantitatives les plus
couramment utilisées en ce qui regarde une variété de troubles neurologiques, et ce, tout au long d’une vie. Au total, 378 témoins neuro-
typiques âgés de 5 à 90 ans (âge médian : 31 ans ; 216 femmes, 162 hommes) ont subi un examen d’IRM du cerveau, ont font l’objet
d’un test cognitif et d’une évaluation clinique et ont rempli un questionnaire de nature démographique. En outre, ce vaste échantillon normatif
apportera un éclairage nouveau sur le développement du cerveau ainsi que sur son vieillissement.
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Magnetic resonance imaging (MRI) is a valuable tool for studying
neurological and psychiatric disorders, as well as typical neurode-
velopment and aging, given its ability to yield quantitative infor-
mation about brain structure and function. However, variation
in scanner hardware and pulse sequences, acquisition parameters,
and image post-processing between research centers precludes
establishment of universal normal ranges for advanced quantita-
tive methods (diffusion imaging, quantitative susceptibility map-
ping, etc.). As a result, each study of a given clinical disorder
must recruit its own control samples, which can be duplicative,
time-consuming, and costly, particularly for multiple studies in
the same center. In addition, clinicians typically have easier access
to patients within their specialty, while recruiting appropriate
matched controls can be more logistically challenging.
Moreover, given that nearly all quantitative measures in the brain
change with age and several differ between males and females,
control databases must span wide age ranges with equal sex distri-
butions to enablematched comparisons. This brief report describes
a normative control sample of 378 neurotypical participants,
ages 5–90 years, who underwent brain MRI on the same

research-dedicated 3T Siemens Prisma using the same quantitative
MRI protocol, as well as a brief cognitive and clinical assessment
and a demographics questionnaire (the “UAlberta Normative
Brain MRI” sample). The aims of this database were to (i) produce
novel data about healthy brain development and aging across the
lifespan, and (ii) provide a centralized database to prevent dupli-
cation of controls across multiple studies of various neurological
disorders.

Participants were recruited through advertising or word of
mouth, and were screened for self-reported history of psychiatric,
neurological, or neurodevelopmental disorders, history of signifi-
cant head injuries, or contraindications to MRI. Participants were
scanned in the Peter S AllenMRI Research Centre at the University
of Alberta, on a 3T Siemens Prisma with a 64-channel head/neck
coil. Total scan time was ∼50 min and included high-resolution
T1-weighted MPRAGE for measuring brain volumes and struc-
ture, high-resolution resting state functional MRI to measure
functional networks, whole-brain, multi-shell, high-resolution
diffusion tensor imaging (DTI) to measure white matter connec-
tivity and microstructure, quantitative susceptibility mapping
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(QSM)/transverse relaxation rate (R2*) to measure brain iron,
dual-echo proton density/T2 to measure myelination and white
matter hyperintensities, high-resolution DTI of the hippocampus
(specifically relevant in several neurological, neurodegenerative,
and mood disorders), and arterial spin labeling (ASL) to measure
perfusion (Table 1; Figure 1). This protocol was designed to opti-
mize the capabilities of the 3T Prisma (e.g. 80 mT/m gradients)
while including a protocol that would provide novel information
about typical brain development and aging and be relevant to
the patient populations commonly studied at this research center.

Relative to other neuroimaging databases such as the Calgary
Normative Study or the UK Biobank,1,2 this protocol uses higher
resolutionmethods, particularly for whole-brain T1, DTI, and rest-
ing state MRI.

Three hundred and ninety participants were enrolled in the
study; 12 were unable to complete the first sequence due to
claustrophobia or other limitations (inability to fit into the head
coil, lie flat etc.), leaving 378 participants included here
(Table 2; Figure 2). The remaining subjects produced good quality
data for a minimum of one sequence (e.g. MPRAGE), with the vast

Table 1: MRI sequences acquired in total scan time of ∼50 min (including field map and B1 map not included below, shimming, slice positioning, etc.) on 3T Siemens
Prisma with 64 channel head coil

Sequence order Resolution (mm3) TE (ms) TR (ms) Slices FOV (mm2) Multiband Other Info
Time

(min:sec)

MPRAGE 0.87 × 0.87 × 0.85 2.37 1800 208 250 × 250 n/a TI= 900 ms 3:39

Resting state fMRI 1.5 × 1.5 × 1.4
(þ0.1 mm gap)

31 2268 90 225 × 225 3 Fixation cross,
Pulse and pulmonary
waveforms recorded
240 volumes

9:38

Whole brain DTI 1.5 × 1.5 × 1.5 67.2 5160 96 220 × 220 2 10 b= 0 s/mm2

6 b= 500 s/mm2

20 b= 1000 s/mm2

64 b= 2500 s/mm2

9:29

QSM/R2* 0.9 × 0.9 × 1.7 3.8
9.3
14.8
20.3
25.8
31.3

37 88 240 × 202 n/a 5:30

PD/T2 0.9 × 0.9 × 3.5 10
93

4000 41 240 × 180 n/a 2:02

Hippocampus DTI 1 × 1 × 1 85 3100 20 220 × 216 n/a 20 b= 0 s/mm2

64 b= 500 s/mm2

64 b= 2000 s/mm2

7:50

ASL 1.8 × 1.8 × 3.5 15.6 4600 34 230 × 230 n/a Bolus duration 700 ms,
TI= 1990 ms
pCASL FAIR QUIPPS II

7:01

Figure 1: Example images from a∼50-min MRI
scan protocol including (A) MPRAGE, (B) T2,
(C) high-resolution resting state fMRI, (D) quanti-
tative susceptibility mapping, (E) hippocampus
DTI, (F) whole brain, high-resolution multi-shell
diffusion tractography, and (G) cerebral blood
flow map.
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majority completing the entire protocol. Given that data quality
evaluations and thresholds vary by sequence, and subject motion
can likewise vary over time within a single scan session, exclusions
were made sequence by sequence and will be reported in respective
publications, along with additional details regarding acquisition
parameters and sequence-specific image processing methods.

The final sample included 216 females and 162 males, spanning
the ages of 5–90 years. Despite efforts to recruit an even age and sex
distribution, the cohort includes more females than males, and is
skewed towards younger participants (Figure 2A). A greater pro-
portion of female participants has been observed in other larger
normative databases, e.g. UK Biobank,2 while other studies such
as the Human Connectome Project have purposely oversampled
females to assess hormonal influence on brain connectivity.3

Regardless, the age distribution spans the entire age range and
the median age of this sample matches the median age of the city
Edmonton in which the study was conducted.4 Seven percent of
this sample was left-handed, in comparison with ∼10% of the gen-
eral population,5 and 72% self-identified as Caucasian (Table 2).
Despite efforts to recruit a diverse sample, the rates of visible
minorities in this sample are lower (28%) than the rate of 37%
reported for the city of Edmonton.4

Participants underwent a brief (∼30 min) cognitive assessment
using the NIH Toolbox Cognition battery including: the Oral
Symbol Digit Test (OSDT), Rey Auditory Verbal Learning Test
(RAVLT), Picture Sequence Memory Test (PSMT), Dimensional
Change Card Sort Test (DCCST), List Sorting Working Memory
Test (LSWMT), and 4-m walk test.6 Participants over 55 were also
administered the Montreal Cognitive Assessment (MoCA).7 The
NIH toolbox does not produce age-corrected standard scores for
the RAVLT and OSDT, which are both shown to change with
age in this sample (Figure 2B). For example, raw scores of the
OSDT, a measure of processing speed, followed a distinct pattern
with age, peaking in performance in the early 20s. Age-corrected

Table 2: Participant demographic and clinical data for the 378 participants

Age (years) 36 ± 23 (5–90)

Sex (female) 216 (57%)

Handedness (right) 351 (93%)

Ethnicity n= 375

Caucasian 273 (72%)

Aboriginal/First Nations/Metis 3 (<1%)

Asian/South Asian/Indian 12 (3%)

Black 36 (10%)

Hispanic 17 (4%)

Mixed ethnicity/other 34 (9%)

Missing data 3 (<1%)

Annual household income (median)
n= 346

$101,000–151,000

Maternal education n= 376

Partial high school or less 55 (14%)

High school graduate 75 (20%)

Partial University/specialized
training/trade school

72 (19%)

University graduate 118 (31%)

Graduate degree 40 (11%)

Unknown/missing data 18 (5%)

Participant Education (including only participants ≥ 25 years of age)

Partial high school or less 1 (<1%)

High school graduate 8 (4%)

Partial University/specialized
training/Trade School

66 (29%)

University graduate 77 (34%)

Graduate degree 70 (31%)

Missing data 2 (<1%)

Age < 20 years
(n= 110)

Age ≥ 20 years
(n= 268)

BMI (kg/m2) categorya

Underweight 2 (2%) 9 (3%)

Normal/healthy weight 78 (71%) 113 (42%)

Overweight 22 (20%) 103 (39%)

Obese 7 (6%) 43 (16%)

Missing data 1 (<1%) 0 (0%)

Blood pressure (mmHg)b

Optimal: systolic <120;
diastolic <80

88 (80%) 128 (48%)

Normal: systolic 120–129 and
diastolic 80–84

11 (10%) 52 (19%)

Normal–high: systolic 130–139 and/
or diastolic 85–89

3 (3%) 36 (13%)

High: systolic ≥140 and/or
diastolic ≥90

0 (0%) 47 (18%)

Missing data 8 (7%) 5 (2%)

(Continued)

Table 2: (Continued )

Heart Rate (bpm)

<60 9 (8%) 0 (0%)

60–100 90 (82%) 204 (76%)

101þ 3 (3%) 58 (22%)

Missing data 8 (7%) 6 (2%)

Waist circumference (cm; n= 99
< 20 years; n= 263 ≥ 20 years)

70 ± 12 (47–104) 89 ± 13 (60–123)

4 m walk (seconds; n= 75
< 20 years; n= 218 ≥ 20 years)

2.98 ± 0.68 2.82 ± 0.47

Medications

Blood pressure 0 (0%) 23 (9%)

Statin/cholesterol 0 (0%) 18 (7%)

Thyroid 0 (0%) 25 (9%)

Other (e.g. oral contraceptive,
asthma medication, etc.)

14 (13%) 64 (24%)

aAs per CDC guidelines: for subjects over 20 years of age underweight defined as BMI <18.5,
normal BMI = 18.5–24.9; overweight BMI = 25–29.9; obese BMI≥ 30. For participants <20
years of age, BMI category determined via reference to BMI growth curves.
bHealth Canada Guidelines (https://www.canada.ca/en/public-health/services/chronic-
diseases/cardiovascular-disease/hypertension.html)

284 The Canadian Journal of Neurological Sciences

https://doi.org/10.1017/cjn.2021.513 Published online by Cambridge University Press

https://www.canada.ca/en/public-health/services/chronic-diseases/cardiovascular-disease/hypertension.html
https://www.canada.ca/en/public-health/services/chronic-diseases/cardiovascular-disease/hypertension.html
https://doi.org/10.1017/cjn.2021.513


standard scores for the PSMT, DCCST, and LSWMT indicate
high-average performance in this sample (Figure 2C). The
MoCA indicated intact neurocognitive performance in subjects
>55 years of age (Figure 2C).

Socioeconomic status (SES) is difficult to accurately capture,
particularly in samples with a wide age range. Here, we collected
annual household income and maternal education as a proxy
for SES. Median annual household income was $101–151,000
CAD, suggesting that this sample has above-average income rela-
tive to the reported median of $87,225 CAD for the city of
Edmonton.4 In addition, 31% of this sample reported that their
mothers had a university degree, again confirming that this is a
high-SES sample. However, this lifespan study also brings into
question the validity of using maternal education as a proxy
for SES in samples with a wide age range, given that maternal
education is tied to changes in social opportunity over time. For
example, the median age of participants whose mothers hold a
graduate degree was 21 years of age, while the median age of par-
ticipants whose mothers had less than a high school education was
65 years.

The snapshot indicators of physical health collected in this
study were: 4-m walk test, height, weight, waist circumference,
blood pressure (after 5 minutes seated), heart rate, and current
medications. The NIH toolbox 4-m walk test was found to be of
limited utility here, as this test is intended to identify gait disturb-
ances and thus nearly all participants performed within normal
limits.8 Forty percent of participants ≥ 20 years of age and 20%
of subjects under 20 years of age were overweight (body mass
index; BMI = 25–29.9), while 16% of participants ≥ 20 years
and 6% of participants under 20 were obese (BMI ≥ 30) calculated
from measured height and weight (Table 2). Obesity rates in this
sample roughly match Canada-wide obesity rates reported at
∼20% in adults and ∼5–10% in children.9 Elevated (systolic
130–139 and/or diastolic 85–89) or high blood pressure (systolic
≥ 140 and/or diastolic ≥ 90) was found in 31% of the adults in this
sample. This is above the national average of ∼20% of Canadian
adults with diagnosed hypertension,10 though it should be noted
that this reflects a single blood pressure measurement taken on
the day of research participation and does not equate to a diagnosis

of hypertension. Indeed, only 9% of the adults in this sample were
taking a blood pressure medication at the time of study participa-
tion. Overall health measures collected here indicate that this sam-
ple is representative of the larger population of Canadians.

Limitations of this sample include a skew in the age and sex
distribution (more females and younger subjects), as well as
above-average SES and cognitive performance. This may reflect
recruitment methods and bias in the demographic of people inter-
ested in participating in research (note that subjects received no
direct benefit for participation), which here included many partic-
ipants from within the university community. The scan protocol
was designed to suit a range of research questions relevant to a vari-
ety of neurological or psychiatric disorders, but nonetheless
requires patient studies to use this exact (or portions of this exact)
scan protocol. Other research scans of interest (e.g., magnetic res-
onance spectroscopy, magnetization transfer, etc.) were not
included given the already ∼50 minute scan time.

This large dataset of controls spanning 5–90 years of age will
yield novel information about trajectories of healthy brain develop-
ment and aging via several novel, quantitative MRI measures.
Importantly, it will primarily serve as a normative control database
for the study of neurological and psychiatric disorders that require
large numbers of well-characterized participants.
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Figure 2: (A) Age and sex distribution and (B, C) cognitive scores of the 378 participants in this normative sample. (A) Subjects span from 5 to 90 years old, but are skewed towards
younger ages and more females, albeit with a similar age distribution within each sex. (B) Raw scores for the Oral Symbol Digit Test (OSDT) and Rey Auditory Verbal Learning Test
(RAVLT) indicate change in raw score performance with age, most notably for the OSDT (note standard scores are not produced for these subtests). (C) Means (± 1 SD) of age-
corrected standard scores for the Picture Sequence Memory Test (PSMT), Dimensional Change Card Sort Test (DCCST) and List Sorting Working Memory test (LSWMT) indicate
above average performance relative to the population norm of 100 ± 15. Raw scores on the MoCA indicate average performance for subjects over the age of 55 (normal= raw score
≥ 26; mild cognitive impairment (MCI) ≤ 22).
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