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Abstract

Most neuroimaging studies linking regional brain volumes with cognition correct for

total intracranial volume (ICV), but methods used for this correction differ across

studies. It is unknown whether different ICV correction methods yield consistent

results. Using a brain-wide association approach in the MRI substudy of UK Biobank

(N = 41,964; mean age = 64.5 years), we used regression models to estimate the

associations of 58 regional brain volumetric measures with eight cognitive outcomes,

comparing no correction and four ICV correction approaches. Approaches evaluated

included: no correction; dividing regional volumes by ICV (proportional approach);

including ICV as a covariate in the regression (adjustment approach); and regressing

the regional volumes against ICV in different normative samples and using calculated

residuals to determine associations (residual approach). We used Spearman-rank cor-

relations and two consistency measures to quantify the extent to which associations

were inconsistent across ICV correction approaches for each possible brain region

and cognitive outcome pair across 2320 regression models. When the association

between brain volume and cognitive performance was close to null, all approaches

produced similar estimates close to the null. When associations between a regional

volume and cognitive test were not null, the adjustment and residual approaches typi-

cally produced similar estimates, but these estimates were inconsistent with results

from the crude and proportional approaches. For example, when using the crude
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approach, an increase of 0.114 (95% confidence interval [CI]: 0.103–0.125) in fluid

intelligence was associated with each unit increase in hippocampal volume. However,

when using the adjustment approach, the increase was 0.055 (95% CI: 0.043–0.068),

while the proportional approach showed a decrease of �0.025 (95% CI: �0.035 to

�0.014). Different commonly used methods to correct for ICV yielded inconsistent

results. The proportional method diverges notably from other methods and results

were sometimes biologically implausible. A simple regression adjustment for ICV pro-

duced biologically plausible associations.

K E YWORD S

brain-wide association studies, cognitive aging, intracranial volume correction, reproducibility,
structural magnetic resonance imaging

1 | INTRODUCTION

Structural magnetic resonance imaging (MRI or MR imaging) is widely

used to evaluate the relationship between brain volumetric measures

and cognitive measures, including memory, attention, and executive

function (Aggarwal et al., 2010; Scheltens et al., 2002). In studies

examining associations between brain volumetric measures and cogni-

tion in aging populations, correcting volumetric measures for intracra-

nial volume (ICV) is often necessary to account for differences in skull

size (Barnes et al., 2010; Voevodskaya et al., 2014). This is because

skull size is not an independent predictor of dementia (Edland

et al., 2002) and is associated with numerous childhood and adulthood

socioeconomic status factors that may confound associations

between neuroimaging measures and outcomes (Hackman &

Farah, 2009). Several different statistical approaches to account for

ICV have been adopted in the field. These different approaches may

produce inconsistent estimates, but, to date, there is no clear guid-

ance on which approaches are preferable. This presents significant

challenges for reproducibility in neuroimaging studies, may account

for inconsistent results across studies, and likely contributes to incor-

rect estimates in some studies. Associations between volumetric mea-

sures and treatment or outcomes are used in a wide range of

contexts, including drug trials (Chertkow & Black, 2007), and may be

used to inform biological understanding of disease, research priorities,

and interventions (Veitch et al., 2019). Thus, analysis decisions on ICV

correction may ultimately impact individual clinical diagnosis and man-

agement (Opfer et al., 2022).

The proportional, adjustment, and residual approaches are the

three commonly used approaches to correct for ICV (Box 1). For

the proportional approach, each brain volume measure is divided by

ICV and this scaled quantity is used to determine associations with a

cognitive measure, typically using a regression model (O'Brien

et al., 2006, 2011; Voevodskaya et al., 2014). For the adjustment

approach, ICV is included along with the brain volume measure as an

independent variable in a regression model with cognition as the

dependent variable (O'Brien et al., 2011; Voevodskaya et al., 2014).

The residual approach uses two regression models, first regressing

each regional volume against ICV and calculating the residuals from

this model (i.e., variation in brain volume not predicted by ICV), and

then using the calculated residuals as the independent variable in a

regression with cognitive measures as the predictor. Typically, but not

always, the coefficients for the first regression are estimated in a nor-

mative sample of healthy controls (O'Brien et al., 2011; Sanfilipo

BOX 1 Summary of commonly used approaches

used to correct for intracranial volume (ICV)

Approach Description

Crude, no

correction for

ICV

Crude volumes are used in determining

associations with cognitive outcomes.

ICV is not controlled for in either

calculating correlations or performing

regressions.

Proportional Brain volume measures are divided by

ICV, and this scaled quantity is used

to determine associations with a

cognitive measure, typically using a

regression model.

Adjustment ICV is included along with brain volume

measures as an independent variable

in a regression model with cognition

as the dependent variable.

Residual The residual approach uses two

regression models, first regressing

regional volumes against ICV and

calculating the residuals from this

model, and then using the calculated

residuals as the independent variable

in a regression with cognitive

measures as the predictor. Typically,

coefficients for the first regression

are estimated in a normative sample

of healthy controls.
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et al., 2004; Voevodskaya et al., 2014). Specific implementations of

these methods vary, and sometimes crude volumes are used without

correcting for ICV (Van Horn et al., 2014).

Evidence on how different correction approaches modify the esti-

mated associations between MRI volumetric measures and cognition

is limited. Some prior studies examine how other associations with

MRI volumetric measures, such as sex, gender, and age (Dhamala

et al., 2022; Kijonka et al., 2020; Sanchis-Segura et al., 2020), vary

with ICV correction strategy. The small number of prior studies evalu-

ating how different ICV correction strategies affect associations

between volumetric measures and cognition have important limita-

tions: they do not evaluate all commonly used ICV correction

approaches; they use a single or small number of cognitive measures;

they are performed in younger samples or small samples; or they are

performed in highly select volunteer cohorts (e.g., the Alzheimer's Dis-

ease Neuroimaging Initiative cohort) such that results may not gener-

alize to the general aging population (Dhamala et al., 2022; Kijonka

et al., 2020; Sanchis-Segura et al., 2020; Voevodskaya et al., 2014).

In this study, we compared estimated associations between MRI

volumetric measures and cognitive measures across commonly used

ICV correction approaches in the MRI subsample of the UK Biobank.

The UK Biobank is a cohort of middle-aged and older adults partici-

pating in the National Health Service. As such, Alzheimer's

disease and vascular dementia would be expected to be the most

common causes of brain atrophy (Brunnström et al., 2009; Goodman

et al., 2017). Inspired by brain-wide association studies (BWAS), which

evaluate each pairwise association of brain region and outcome

(Marek et al., 2022), we evaluated the extent to which different ICV

correction approaches give inconsistent associations between a brain

volume and cognitive measure for the full-factorial combination of

ICV correction approach, brain volumetric measure, and cognitive out-

come. Inconsistency across ICV correction approaches may have

important implications for reproducibility in neuroimaging research.

These inconsistencies may account for conflicting findings across

studies and produce spurious associations that would not reach statis-

tical significance with alternative approaches.

2 | MATERIALS AND METHODS

2.1 | Study population

The UK Biobank is a large prospective cohort study of 502,490 UK

adults aged 40–69 years at recruitment in 2006–2010. At the baseline

visit, participants completed social, physical, and medical assessments.

Starting in 2014, participants were invited for MRI neuroimaging at four

clinics using identical protocols (Littlejohns et al., 2020). UK Biobank

invited eligible participants for second MRIs starting in 2019, although

we did not include repeat MRIs in our analysis (Supplementary Mate-

rial 1). The final target sample for the MRI substudy is 100,000 but at

the time of writing, MR imaging data were available for 41,964 partici-

pants. Ethical approval was obtained by the UKB study from the

National Health Service National Research Ethics Service with all

participants providing written informed consent. Analyses were

approved by the University of California, San Francisco Institutional

Review Board under UK Biobank Resource project no. 74748.

2.2 | MRI volumetric measures

All MRI data were obtained from identical scanners (3T Siemens Skyra,

software VD13) equipped with a standard Siemens 32-channel head

coil. All image preprocessing was conducted by the UK Biobank neuro-

imaging team and included non-brain removal, bias-field correction, and

tissue segmentation. The total scanning time was 31 min with five addi-

tional minutes for subject adjustment, shimming, and so on. Imaging

acquisition included T1, resting fMRI, task fMRI, T2 FLAIR, dMRI, and

swMR. For T1-weighted scans, 3D MPRAGE protocol with a cubic milli-

meter isotropic resolution was used. The acquisition may be repeated if

significant artifacts were detected when scanning, such as excessive

head movement. An automated quality control pipeline was developed

to detect issues and quantify data quality. An image processing pipeline

based on FSL (the FMRIB Software Library, version 5.0.10) and Free-

Surfer (version 6.0) was applied to generate processed data. When pro-

cessing T1 images with FreeSurfer, T2 FLAIR is utilized in combination

with T1 images for enhanced accuracy in cortical modeling, if available.

We used imaging data processed by FreeSurfer. Specifically, we

included subcortical volumes extracted from the FreeSurfer automatic

subcortical segmentation (ASEG) tool and cortical volumes based on

the Desikan–Killianny–Tourville (DKT) atlas. This included a total of

27 subcortical and 31 cortical regions (Supplementary Material 2). ICV

was also estimated from ASEG. In our primary analysis, we a priori

selected eight regions of interest (ROIs) previously linked to cognitive

outcomes (Apostolova & Thompson, 2008; Feng et al., 2018;

Henneman et al., 2009; Juottonen et al., 1998; Ries et al., 2008). Only

data from the first MRI visit was used due to limited follow-up. We

combined hemispheres to obtain a single measure for each ROI. Full

details on image acquisition, processing, and quality control are

available in the UK Biobank Brain Imaging Documentation (Alfaro-

Almagro et al., 2018).

2.3 | Cognitive measures

We considered eight cognitive measures: fluid intelligence, numeric

memory, prospective memory, pairs matching, Trail Making A, Trail

Making B, reaction time, and symbol digit substitution. Detailed descrip-

tions of the eight cognitive tests are included in Supplementary Mate-

rial 3. All cognitive tests were administered in English via touchscreen

interface and designed to be completed without supervision. All cogni-

tive outcomes were measured at the MRI visit. Cognitive scores for

pairs matching, Trail Making A, Trail Making B, and reaction time

referred to negative one times the score on those cognitive tests; that

is, these measures were signed such that higher values indicate better

cognition. All continuous cognitive outcomes were z-standardized to

produce standardized regression coefficients. Note that very few
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individuals had a dementia diagnosis at the MRI visit (n = 27) or were

diagnosed with incident dementia in follow-up (n = 44).

2.4 | ICV correction approaches

We considered no correction and four implementations of widely

used approaches to correct for ICV in analyses of associations

between regional brain volumes and cognition (in all models, the cog-

nitive measure is the outcome variable of interest) (O'Brien

et al., 2006; O'Brien et al., 2011; Voevodskaya et al., 2014). The first

approach uses crude, uncorrected volumes, while the other four are

ICV correction approaches. The approaches are as follows: (1) Crude

approach: Crude volumes are used without correcting for ICV to

determine associations with cognitive measures in a regression model.

(2) Proportional approach: Volumetric measures are divided by ICV and

this ratio of regional volume to ICV is used to determine associations

in a regression model with cognition as the outcome. (3) Adjustment

approach: Crude volumes are used to determine associations in a

regression model that adjusts for ICV as a covariate. (4) Full-sample

residual approach: Each volumetric measure is first regressed against

ICV in the full sample of participants. This regression model is then

used to obtain ICV-corrected volumes in the whole sample using the

following: Volumecorrected,i ¼Volumecrude,i�bβ� ICVi , where bβ is

the slope from the regression model. ICV-corrected volumes

(i.e., residuals from the first regression model) are then used as the

independent variable in a regression model to determine associations

with cognitive measures. (5) Normative-subsample residual approach:

This approach is identical to the full-sample residual approach, but the

first regression is restricted to a “normative” sample of dementia-free

participants younger than 60years.

2.5 | Covariates

All models were adjusted for age, age squared, sex (female and male),

race (White, Asian, Black, and other), APOE-ε4 alleles (0, 1, and 2),

education (A-levels or above and less than A-levels), and assessment

center (Reading, Cheadle, Newcastle, and Bristol) as a proxy for geo-

graphic location. Age and age-squared were adjusted for as orthogo-

nal polynomials; the rest of the covariates were adjusted for as

categorical variables. At recruitment, age and sex information were

obtained from a central registry and subsequently updated by partici-

pants. Participants self-reported their race and education through a

touchscreen questionnaire at baseline. The number of APOE-ε4 alleles

(0, 1, or 2) was determined using the single nucleotide polymorphisms

rs7412 and rs429358 (Bekris et al., 2010).

2.6 | Statistical analyses

We summarized demographic characteristics of the subsamples with

MRI data who completed each of the following cognitive outcomes:

fluid intelligence, numeric memory, prospective memory, pairs match-

ing, Trail Making A, Trail Making B, reaction time, and symbol digit

substitution. We calculated Spearman-rank correlation coefficients

between ICV and each cognitive outcome. To evaluate the associa-

tions between regional volumes and cognitive outcomes, we used lin-

ear regression for all cognitive outcomes except for prospective

memory, for which we used logistic regression (1 for correct on the

first attempt and 0 otherwise). All models were adjusted for age, age

squared, sex, race, the number of APOE-ε4 alleles, education, and

assessment center as a proxy for geographic location. To facilitate

comparison of effect sizes across ICV correction approaches, ROIs,

and cognitive outcomes, we z-standardized all corrected and crude

regional volumes, ICV, and continuous cognitive outcomes by sub-

tracting the sample mean and dividing by the sample standard devia-

tion; this produces standardized regression coefficients.

The factorial combination of brain volume measure, cognitive out-

come, and ICV correction approaches leads to 2320 distinct estimates.

We evaluated the extent to which different ICV correction approaches

yield consistent estimates when applied to the same brain volume ROI

measure and cognitive outcome by (1) generating pairwise comparisons

for correction approaches across regional volumes and cognitive out-

comes; (2) summarizing derived statistics from pairwise comparisons;

and (3) creating Manhattan plots to show how rates of statistical signifi-

cance α¼0:05 of associations vary across correction approaches.

Consistency of estimates using different ICV corrections was evalu-

ated using Spearman-rank correlation coefficients for each possible

pair of ICV correction methods and across all ROI and cognitive out-

come combinations. We additionally generated two measures for the

consistency of findings using alternative ICV correction methods: For

the first measure, we calculated the proportion of pairs of correction

methods without significantly different estimates across all ROIs using

a conservative z-test (DeGroot & Schervish, 2012). For the second

measure of consistency, we calculated the proportion of pairs of cor-

rection approaches for which associations had consistent signs across

all brain regions assessed. Specifically, associations were only consid-

ered to have opposite signs if both associations were statistically sig-

nificantly different from the null.

For the residual approach, we additionally evaluated the impact of

varying age thresholds to define the normative sample in associations

between the eight selected regional volumes linked to dementia and all

cognitive outcomes. Specifically, we defined the normative sample using

different age cutoffs (<60, <65, <70, <75, and <80) and assessed

whether the analytical choice of cutoffs affected estimated associations.

We conducted four sensitivity analyses: First, to assess whether

the estimates of the associations with cognitive outcomes are

affected by observations at the extreme ends of the regional volume

distributions, we additionally fit models excluding participants with

regional volumes beyond extreme percentiles (1st and 99th; Supple-

mentary Material 4). Second, we repeated analyses adjusting only for

age and age squared to assess whether results were affected by the

adjustment set chosen. Third, we additionally examined incident

dementia as an outcome (Supplementary Material 5). Finally, we con-

trolled for total brain volume in lieu of ICV.

4 of 13 WANG ET AL.



3 | RESULTS

Sample sizes across cognitive outcomes ranged from 27,147 to

39,349 (Table 1) with very similar demographic compositions. Slightly

over half the participants were female, average age ranged from 64.2

to 64.9 years, nearly all participants were White (ranging from 96.9%

to 97.1%), and a majority reported A-level or above education (ranging

from 80.7% to 81.5%). Very few individuals had a dementia diagnosis

at the MRI visit (n = 27) or were diagnosed with incident dementia in

follow-up (n = 44). Correlations between cognitive outcomes and ICV

were low, ranging from 0.019 for signed pairs matching to 0.167 for

fluid intelligence (Supplementary Material 6).

Associations of regional brain volumes with cognitive scores are

shown in Figures 1 and S1. The associations varied in both sign and

magnitude across ICV correction approaches. Crude estimates were

typically farthest from the null, and proportional approaches were typ-

ically closest to the null, but sometimes with reversed sign compared

with other approaches. For example, when using the crude approach,

an increase of 0.114 (95% confidence interval [CI]: 0.103–0.125) in

fluid intelligence was associated with each unit increase in hippocam-

pal volume. However, when using the adjustment approach, the

increase was 0.055 (95% CI: 0.043–0.068), while the proportional

approach showed a decrease of �0.025 (95% CI: �0.035 to �0.014).

Figure 2 shows comparisons across ICV correction approaches

for the associations of all brain regions assessed with fluid intelligence,

numeric memory, and Trail Making A and B. Specifically, it shows pair-

wise scatterplots of estimated associations, as well as Spearman-rank

correlations and both measures of consistency for the 58 brain

regions evaluated. Estimates when ICV corrections are based on the

adjustment approach are highly correlated (ρ ≥ 0.89) with coefficients

from the residual approach. These two approaches both show only

weak correlations with the proportional approach (ρ = 0.28 for the

adjustment approach and ρ = 0.25 for the residual approach, both for

fluid intelligence). Different ICV correction approaches sometimes

produce both qualitatively different results: the proportional approach

was most likely to produce an association with a reversed sign that

TABLE 1 Characteristics of analytic sample for each cognitive outcome.

Fluid
intelligence

Numeric
memory

Prospective
memory

Pairs
matching

Trail
making A

Trail
making B

Reaction
time

Symbol digit
substitution

N = 38,607 N = 28,793 N = 39,330 N = 39,349 N = 28,861 N = 27,417 N = 39,100 N = 28,150

Female, N (%) 20,218 (52.4) 15,073 (52.3) 20,579 (52.3) 20,588 (52.3) 14,692 (52.3) 14,315 (52.2) 20,457 (52.3) 14,731 (52.3)

Age at

assessment

(years, SD)

64.2 (7.6) 64.9 (7.6) 64.3 (7.6) 64.3 (7.6) 64.9 (7.6) 64.7 (7.6) 64.2 (7.6) 64.9 (7.6)

Race, N (%)

White 37,462 (97.0) 27,939 (97.0) 38,129 (96.9) 38,148 (96.9) 27,272 (97.0) 26,609 (97.1) 37,908 (97.0) 27,313 (97.0)

Asian 527 (1.4) 395 (1.4) 560 (1.4) 560 (1.4) 379 (1.3) 373 (1.4) 554 (1.4) 383 (1.4)

Black 331 (0.9) 247 (0.9) 341 (0.9) 341 (0.9) 243 (0.9) 237 (0.9) 339 (0.9) 245 (0.9)

Other 287 (0.7) 212 (0.7) 300 (0.8) 300 (0.8) 210 (0.7) 198 (0.7) 299 (0.8) 209 (0.7)

Count of

APOE-ε4
alleles, N

(%)

0 27,951 (72.4) 20,829 (72.3) 28,452 (72.3) 28,466 (72.3) 20,322 (72.3) 19,830 (72.3) 28,277 (72.3) 20,364 (72.3)

1 9802 (25.4) 7321 (25.4) 10,007 (25.4) 10,012 (25.4) 7159 (25.5) 6978 (25.5) 9958 (25.5) 7164 (25.4)

2 854 (2.2) 643 (2.2) 871 (2.2) 871 (2.2) 623 (2.2) 609 (2.2) 865 (2.2) 622 (2.2)

Education, N

(%)

A-levels or

above

31,149 (80.7) 23,403 (81.3) 31,589 (80.3) 31,601 (80.3) 22,807 (81.2) 22,345 (81.5) 31,417 (80.4) 22,875 (81.3)

Less than

A-levels

7458 (19.3) 5390 (18.7) 7741 (19.7) 7748 (19.7) 5297 (18.8) 5072 (18.5) 7683 (19.6) 5275 (18.7)

Assessment

center, N

(%)

Reading 5788 (15.0) 5794 (20.1) 5837 (14.8) 5837 (14.8) 5794 (20.6) 5676 (20.7) 5820 (14.9) 5795 (20.6)

Cheadle 22,843 (59.2) 13,038 (45.3) 23,450 (59.6) 23,469 (59.6) 12,355 (44.0) 12,057 (44.0) 23,267 (59.5) 12,357 (43.9)

Newcastle 9928 (25.7) 9914 (34.4) 9995 (25.4) 9995 (25.4) 9907 (35.3) 9636 (35.1) 9965 (25.5) 9951 (35.3)

Bristol 48 (0.1) 47 (0.2) 48 (0.1) 48 (0.1) 48 (0.2) 48 (0.2) 48 (0.1) 47 (0.2)
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reaches statistical significance. Even when point estimates are not of

the opposite side of the null, estimates may be statistically signifi-

cantly inconsistent. Figure S2 is the same plot for the remaining cogni-

tive outcomes.

Discrepancies between ICV correction approaches were promi-

nent for fluid intelligence, numeric memory, and Trail Making A

and B. Numeric memory and Trail Making A and B are often used

in clinical settings as indicators of simple attention/working

F IGURE 1 Associations of volumes of the cuneus, entorhinal cortex, parahippocampal gyrus, precuneus, caudate nucleus, hippocampus,
amygdala, and total grey matter with each cognitive outcome. Cognitive scores are signed such that higher values indicate better cognition.
Specifically, cognitive scores for pairs matching, Trail Making A, Trail Making B, and reaction time refer to negative one times the score on those
cognitive tests. Models adjusted for age, age squared, sex, race, the number of APOE-ε4 alleles, education, and assessment center.
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memory and executive function, respectively, are known to be

affected in more advanced stages of Alzheimer's disease and are

prominent areas of cognition affected in other forms of dementia

(e.g., frontotemporal dementia) (Ashendorf et al., 2008; Castel

et al., 2009; Peña-Casanova et al., 2012). Associations with pro-

spective memory were less appreciably affected by the ICV

correction approach, but this may reflect a single limited assess-

ment task in the UK Biobank.

Figure 3 shows brain-wide associations in a Manhattan plot

(Ehret, 2010) for all cognitive outcomes and across all brain regions

evaluated, comparing ICV correction approaches. Which and how

many associations are statistically significant varies with ICV

(a) (b)

(c) (d)

F IGURE 2 Comparison of coefficients based on alternative ICV corrections for estimated associations of 58 brain region volume measures
with (a) fluid intelligence, (b) numeric memory, (c) Trail Making A, and (d) Trail Making B. Pairwise comparisons for estimated associations between
volumetric measures and fluid intelligence among six total intracranial volume (ICV) correction approaches. Diagonal panels are smoothed density
estimates for the distribution of associations across all 58 brain regions assessed under the corresponding ICV correction approach. Lower
diagonal panels are scatterplots for the associations under each pair of ICV correction approaches across all 58 brain regions assessed. Upper
diagonal panels show the correlation and two consistency measures between each pair. Spearman's rho (range from �1 to 1) stands for
Spearman-rank correlation coefficient; 1 – %sig. different (range from 0 to 1) is one minus the proportion of pairs with significantly different
estimates across all ROIs using a conservative z-test; and 1 – %qual. different (range from 0 to 1) is the one minus proportion of pairs with
significantly opposite signs. Color intensity represents the value, with fully saturated colors indicating a 1.
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correction approach and cognitive outcome assessed. The crude

approach produces the smallest p-values, consistent with the premise

that failing to correct for ICV inflates associations and statistical

significance. Figures S3 and S4 give the same Manhattan plot but use

different Bonferroni-corrected statistical significance thresholds

(α¼0:01/(58*8*5) and α¼0:001/(58*8*5)).

F IGURE 3 Manhattan plot for the association of cognitive outcomes with 58 regional brain volumes, comparing ICV correction approaches.
Dashed lines indicate the Bonferroni-corrected threshold for brain-wide significance (p < 0.05/(58*8*5)=2.2*10-^5). Number annotations
indicate the number of brain-wide significant regional associations across all 58 brain regions assessed.
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The full-sample and normative-sample (age <60) residual

approaches produced highly correlated associations (Figure 2), with

comparable p-values (Figure 3). However, estimated associations can

vary, as shown in Figure 1, with estimates with the normative-sample

residual approach typically attenuated relative to those of approach

the full-sample residual approach. Figure 4 extends this, showing how

using an increasingly older, and presumably less healthy sample with

more age-associated neurodegeneration, delivers larger estimated

associations between hippocampal volume and fluid intelligence. Con-

sistent with results in Figure 1, Figure 4 shows an increasingly youn-

ger sample produces an attenuated association between selected

regions and fluid intelligence, numeric memory, and Trail Making

B. This highlights that the definition of the normative sample can

affect estimated associations. In sensitivity analyses, we find that

results are comparable excluding outliers in ICV and with different

adjustment sets (see Figures S5–S8). In addition, we did not observe a

similar inconsistency in time-to-event analyses (Figure S9), but the

number of incident dementia cases was small. Figures S10 and S11

show similar inconsistecies between correction approaches as the

main analysis using total brain volume in lieu of intracranial volume.

4 | DISCUSSION

We evaluated whether estimated associations between regional brain

volumetric measures and cognitive outcomes differed when using

crude volumes and four approaches to correct for ICV using the large

UK Biobank MRI subsample. Although estimates based on the adjust-

ment and residual approaches were similar, estimates based on the

proportional and crude approaches were inconsistent. Inconsistencies

were largest when estimates from the adjustment and residual

approaches were further from the null.

The proportional, adjustment, and residual approaches are all

commonly used strategies (O'Brien et al., 2006) to correct for ICV,

and crude estimates are frequently presented as well (Van Horn

et al., 2014). However, we found that the proportional approach fre-

quently produced estimates that were inconsistent with our under-

standing of neurobiology and even had the opposite sign of estimates

derived with adjustment and residual approaches. As an example, the

hippocampus plays a vital role in encoding and consolidation of new

memories (Reber, 2013). Numerous studies have demonstrated an

association between hippocampal atrophy and poorer neuropsycho-

logical test performance, particularly with regard to memory tasks

(Golomb et al., 1993; Peng et al., 2015; Rusinek et al., 2003; Schuff

et al., 2009). This relationship is further corroborated by existing

experimental studies and clinical case studies involving direct damage

to the hippocampus (Fortin et al., n.d.; Clark et al., 2005; Dickerson &

Eichenbaum, 2010). However, estimates for the association between

hippocampal volume and cognitive outcomes were inconsistent across

ICV correction approaches: the proportional approach indicated that

larger hippocampal volume was associated with worse cognition,

which contravenes extant understanding of neurobiology and neuro-

degenerative diseases (see Figure 1) (Hardcastle et al., 2020; Peng

et al., 2015). While more often consistent, even adjustment and resid-

ual approaches do not always produce consistent estimated associa-

tions, particularly since the associations produced with the residual

approach depended on the normative sample adopted (see Figure 4).

Specifically, we find using increasingly younger normative samples

attenuated estimated associations between hippocampal volume and

fluid intelligence.

These results have important implications for reproducibility in

neuroimaging studies, our understanding of disease biology, and inter-

vention evaluation. We recognize that these ICV correction methods

represent different biological constructs and that method employed

may depend on the nature of the research question. For example, in

some studies, we may not want to account for ICV to account for

perinatal and childhood factors that influence cranium size and

regional volumes. However, findings from different studies may

diverge merely because of the selected ICV correction approach—

ostensibly a minor statistical decision. Estimated associations from

crude volumes tended to be further from the null than findings after

ICV correction, suggesting that ICV captures confounding by lifetime

peak brain size or childhood growth. If atrophy-related neurodegen-

eration is the construct we intend to capture, ICV correction will often

be necessary. Moreover, it is important to note that ICV correction is

also crucial for accurately identifying and interpreting volumetric mea-

sures that are associated with cognitive functioning or dementia

symptoms (Edland et al., 2002). Our findings suggest the proportional

approach may be misleading and, if used, should be interpreted in

conjunction with results from other approaches. The adjustment and

residual approaches tend to produce comparable estimates and it may

be reasonable to favor these two approaches. However, these two

approaches represent different principles. The adjustment approach

evaluates the relationship between regional volumes and cognition,

keeping ICV constant. In contrast, the two-step residual approach

removes the influence of ICV on regional volumes by regressing

regional volumes on ICV and obtaining the residuals. This adjustment

and residual approaches are analogous to Type III sums of squares in

ANOVA which simultaneously consider all variables, and the sequen-

tial approach of Type I sums of squares, respectively. Thus, selecting

between adjustment and residual approaches may depend on the

research question and context. In addition, estimated associations

with residual approaches can vary with reference sample used

(Figure 4). Even more concerning, as the age of the normative sample

is decreased, biologically plausible effects are increasingly attenuated,

approaching the null as the sample becomes younger and healthier. In

addition, the residual approach, when not applied to a separate nor-

mative sample, ideally would include a standard error correction to

account for the fact that the two-stages of estimation are performed

on overlapping samples. Thus, if ICV is to be corrected for, we would

tend to favor adjustment over the other methods since it is the sim-

plest to implement while producing biologically plausible associations.

Our results are consistent with small prior studies indicating that

ICV correction approach can affect study results. Previous studies

have examined whether associations of sex and age with volumetric

measures persisted across ICV correction approaches (Kijonka

WANG ET AL. 9 of 13



et al., 2020; Nordenskjöld et al., 2015; Sanchis-Segura et al., 2020).

Prior work has also examined associations between brain volumetric

measures and cognition (Voevodskaya et al., 2014), finding that ICV

correction approach altered associations, with a flipped direction of

association for the proportional method. This study was performed in

two smaller and select samples (N = 406 and 724) and examined only

the first item of word recall from the ADAS-Cog. The small samples

have left substantial uncertainty in whether their conclusions hold for

larger and less select samples. For example, this previous work found

that the association between hippocampal volumes and cognition was

F IGURE 4 Effect of the definition of residual sample on associations between volumes of the cuneus, entorhinal cortex, parahippocampal
gyrus, precuneus, caudate nucleus, hippocampus, amygdala, and total gray matter and all cognitive outcomes.
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not statistically significantly different across ICV correction

approaches, possibly due to imprecise estimates. Our sample, with

25–35 times as many participants as the previous study and a much

broader range of volumetric measures and cognitive outcomes

assessed (Voevodskaya et al., 2014), provides far more conclusive

findings on the importance of ICV correction approach.

Our study has several strengths in addition to the large sample:

these include a comprehensive evaluation of ICV correction approaches

and a wide range of cognitive outcomes evaluated. Employing a BWAS-

inspired approach, we examined a large combination of associations

between cognitive tests and regional brain volumes for a total of 2320

regressions with several measures of consistency to further support the

robustness of our findings. Our study has several limitations. First, our

results only pertained to cross-sectional evaluation of MRI volumetric

measures and cognitive outcomes. Other neuroimaging measures—

including cortical thicknesses, diffusion tensor imaging, and longitudinal

change in volumetric measures (Schwarz et al., 2016)—may warrant fur-

ther investigation (Barnes et al., 2010). UK Biobank participants are

known to be healthier on average than the general UK population, have

higher socioeconomic status, and are predominately White (Fry

et al., 2017). Patterns may differ in more diverse populations (Mukadam

et al., 2022). Second, we did not evaluate alternative ICV estimation

methods (Buckner et al., 2004), and we did not examine less commonly

used methods (e.g., weighted ICV matching (Dhamala et al., 2022)). How-

ever, due to potential limitations of the FreeSurfer-ASEG ICV-estimation

approach, we performed a sensitivity analysis using total brain volume,

and results are comparable. Finally, it has been previously suggested that

the proportional approach may be biased precisely because of how the

error in the ratio behaves (Sanfilipo et al., 2004), which would necessarily

be non-differential with respect to the quantity itself due to less error in

the ratio for larger volumes. However, we did not consider how mea-

surement error could lead to or exacerbate the biases in estimated asso-

ciations, and this is an area that merits further exploration.

5 | CONCLUSION

In conclusion, different ICV correction approaches can produce sub-

stantively different estimated associations between MRI-derived mea-

sures of brain volume and cognitive outcomes. These differences are

largest when the associations are large. The proportional approach is

most likely to produce estimates that are inconsistent with adjustment

or residual control approaches and biologically implausible. Residual

and adjustment approaches are more plausible but since they may

produce different results, results based on only one of the approaches

should be interpreted with caution.
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