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1) Have any data been collected for this study already?

It's complicated. We have already collected some data but explain in Question 8 why readers may consider this a valid pre-registration nevertheless.

2) What's the main question being asked or hypothesis being tested in this study?

Can general intelligence be predicted from multivariate patterns of dynamic (i.e., time-varying) resting-state fMRI functional connectivity? 

More specifically, we hypothesize that individual intelligence scores as assessed with Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999)

can be predicted significantly above chance (p<.05) with a cross-validated machine learning algorithm on the basis of 70 subject-specific connectivity

matrices (one matrix with 113x113 edges for each of 70 time windows), which were constructed from fMRI scans obtained under task-free (i.e.,

resting-state) condition (see also below).

Wechsler, D. (1999). Wechsler abbreviated scale of intelligence. San Antonio, TX: Psychological Corporation, Harcourt Brace and Company.

3) Describe the key dependent variable(s) specifying how they will be measured.

The dependent variable is the Full-Scale Intelligence Quotient (FSIQ) assessed with the Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999).

The WASI consists of four subtests: Vocabulary, Block Design, Similarities, and Matrix reasoning. Vocabulary and Similarities provide the Verbal IQ (VIQ).

Block Design and Matrix Reasoning account for the Performance IQ (PIQ). The FSIQ is calculated by aggregating across all subtest scores. To answer the

main hypothesis (section 2, see above) we will exclusively focus on the FSIQ. However, we will use the VIQ and the PIQ to study differences in the

predictability of different types of intelligence from dynamic connectivity (see optional hypotheses below).

The intelligence test scores were obtained on the day after the fMRI assessments. 

Wechsler, D. (1999). Wechsler abbreviated scale of intelligence. San Antonio, TX: Psychological Corporation, Harcourt Brace and Company.

4) How many and which conditions will participants be assigned to?

The participants of the NKI Rockland Sample underwent a whole battery of tests including physical and behavioral measures as well as diagnostic

assessments and cognitive tasks (for more information see Nooner et al., 2012). In our study, we will only include participants for whom a) a complete

intelligence scores (FSIQ; Wechsler, 1999) and b) complete fast-sampling multi-band neuroimaging data of an approximately 10-minute resting-state scan

are available. 

The resting-state measurement consists of a 9:46min (900 time points) fast sampling (TR=645ms) task-free fMRI scan (eyes open) measured with a

3T-Siemens Tim Trio scanner (32-channel head coil). During the resting-state scanning session participants looked at a fixation point while they were

instructed to lie as still as possible. Thus, our study relies on data with no explicit experimental manipulation. The behavioral assessments and the

resting-state scanning session were the same for all participants. 

Nooner, K. B., Colcombe, S. J., Tobe, R. H., Mennes, M., Benedict, M. M., Moreno, A. L., ... Milham, M. P. (2012). The NKI-Rockland sample: A model for

accelerating the pace of discovery science in psychiatry. Frontiers in Neuroscience, 6, 152. http://dx.doi.org/10.3389/fnins.2012.00152

Wechsler, D. (1999). Wechsler abbreviated scale of intelligence. San Antonio, TX: Psychological Corporation, Harcourt Brace and Company.

5) Specify exactly which analyses you will conduct to examine the main question/hypothesis.

The raw fMRI scans have already been pre-processed in order to obtain 70 participant-specific connectivity matrices for each of 70 time windows: First, the

raw fMRI data were preprocessed using the Connectome Computation System pipeline (CCS; Xu et al., 2015), which led to the exclusion of 19 participants

from the initial sample (N=300). The remaining 281 data samples were then parcellated into 114 regions (nodes) of the Yeo atlas (Yeo et al., 2011). One

node was excluded (see section 6), leading to 113 nodes that were used for all further analysis. Edges between nodes, were modeled on the basis of Fisher

z-transformed Pearson correlation coefficients reflecting statistical associations between node-specific BOLD signal time series. To capture the dynamic

patterns in the data, a tapered window (Fukushima et al., 2018) with length 156 time points was shifted repeatedly over the whole duration of the fMRI

scan. The resulting 70 partially overlapping time windows were used to calculate participant-specific connectivity matrices (shape 70x113x133). To predict

individual intelligence scores we will use a multivariate regression algorithm from machine learning. Due to the small sample size (N=281) compared to the

number of features ((113x(113-1)/2)x70=442,960 before feature selection), we will validate predictions by using leave-one-out cross-validation. To evaluate

the final prediction model, we will use the Mean Squared Error (MSE) as primary statistical criterium. The MSE will be calculated by averaging over all

squared errors as resulting from each cross-validation step by comparing the actual test score of the excluded subject with the predicted score. In addition,

the root MSE and the mean absolute error (MAE) will be calculated to allow for comparability to previous findings (Qin et al., 2015). A non-parametric

permutation test will be used to determine the statistical significance of our results (i.e., whether we can predict intelligence scores significantly above

chance). We will model the empirical distribution of chance using 1,000 random permutations of the intelligence scores (shuffling scores randomly

between participants, while keeping everything else constant). P-values <.05 will be considered as indicating statistical significance.

Fukushima, M., Betzel, R. F., He, Y., de Reus, M. A., van den Heuvel, M. P., Zuo, X.-N., and Sporns, O. (2018). Fluctuations between high- and low-modularity
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topology in time-resolved functional connectivity. NeuroImage, 180, 406–416.

Qin, J., Chen, S.-G., Hu, D., Zeng, L.-L., Fan, Y.-M., Chen, X.-P., and Shen, H. (2015). Predicting individual brain maturity using dynamic functional

connectivity. Frontiers in Human Neuroscience, 9(1), 418.

Xu, T., Yang, Z., Jiang, L., Xing, X. X., & Zuo, X. N. (2015). A Connectome Computation System for discovery science of brain. Science Bulletin, 60(1), 86–95.

6) Describe exactly how outliers will be defined and handled, and your precise rule(s) for excluding observations.

Only healthy participants for whom the complete multi-band neuroimaging data and a complete Wechsler Abbreviated Scale of Intelligence (FSIQ; WASI;

Wechsler 1999) score is available were included into this sample (see also Hilger et al., under review, where we report a different analysis with the same

dataset). From these 300 participants, 19 were excluded due to low-quality anatomical images, mean frame-wise displacement >.2 mm, maximum

translation >3 mm, maximum rotation >3°, or minimum cost of boundary-based registration >.6. As the data of one node were corrupt for one participant,

we excluded this node from the data, leading to the final 113x113 dynamic connectivity matrices used for all further analysis.

There were no outliers (three standard deviations above/below the median) in the FSIQ scores, such that we did not exclude any other subjects based on

being an outlier in respect to intelligence.

Hilger, K., Fukushima, M., Sporns, O., and Fiebach, C. J. (under review). Temporal Stability of Functional Brain Modules Associated with Human Intelligence.

Wechsler, D. (1999). Wechsler abbreviated scale of intelligence. San Antonio, TX: Psychological Corporation, Harcourt Brace and Company.

7) How many observations will be collected or what will determine sample size? No need to justify decision, but be precise about exactly how the

number will be determined.

We will use a sample of 281 participants (98 men; mean age: 47.19 years; age range: 18-83) from the Enhanced NKI Rockland Sample (http://fcon 1000.

projects.nitrc.org/indi/enhanced/; Release 1-5; Nooner et al. 2012) for whom the Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999; mean

FSIQ: 101.44; range 69–141) and multi-band resting-state fMRI scans were available. From the original 300 healthy participants identified in the sample, 19

participants were excluded as they did not pass the quality check implemented in our preprocessing pipeline (see previous point). Thus, the sample size of

the current study is determined by the number of available non-corrupt data sets in the Enhanced NKI Rockland Sample. 

Nooner, K. B., Colcombe, S. J., Tobe, R. H., Mennes, M., Benedict, M. M., Moreno, A. L., ... Milham, M. P. (2012). The NKI-Rockland sample: A model for

accelerating the pace of discovery science in psychiatry. Frontiers in Neuroscience, 6, 152. http://dx.doi.org/10.3389/fnins.2012.00152

Wechsler, D. (1999). Wechsler abbreviated scale of intelligence. San Antonio, TX: Psychological Corporation, Harcourt Brace and Company.

8) Anything else you would like to pre-register? (e.g., secondary analyses, variables collected for exploratory purposes, unusual analyses planned?)

Depending on the success of predicting intelligence from dynamic connectivity, we will exploratively investigate the following three research questions:

A) Which specific functional brain networks (from a set of 7 well-established functional brain networks as specified by Yeo et al., 2011) contribute to the

prediction of intelligence? This will be investigated by averaging connection-specific prediction weights (after back-mapping of weights from feature into

brain space) within each network and between each pair of networks. The resulting network-specific average prediction weights (7 indexing within network

connectivity and 21 indexing between-network connectivity, in total 28) will be illustrated descriptively and tested for statistical significance (it will be

tested whether a) network-specific weights and b) differences between network-specific weights are significantly different from zero) by using t-tests with

a Bonferroni-corrected critical p-value of .00178 (.05/28 comparisons). Alternatively, we will estimate 7 independent models (one for each network) and

compare the MSEs.

B) Do gender differences in dynamic connectivity patterns have an effect on the prediction of intelligence? By dividing the sample into a male and a female

subsample, we will analyze whether differences in the dynamic connectivity patterns depending on gender can lead to an increased or diminished

predictability of intelligence. To test the significance of the difference between the two prediction models (one model for females, one model for males)

again a nonparametric permutation test (based on MSE) will be used (1,000 permutations, critical p-value=.05). 

C) Can certain types of intelligence be better predicted from dynamic connectivity than others? Using the two sub-scales (Verbal and Performance IQ) of

the Wechsler Abbreviated Scale of Intelligence (WASI, Wechsler, 1999), we will test whether one type of intelligence can be predicted significantly better

(non-parametric permutation test for prediction performance differences, critical p-value=.05) from dynamic fluctuations in the human brain than the

other type.

Wechsler, D. (1999). Wechsler abbreviated scale of intelligence. San Antonio, TX: Psychological Corporation, Harcourt Brace and Company.

Yeo, B. T. T., Krienen, F. M., Sepulcre, J., Sabuncu, M. R., Lashkari, D., Hollinshead, M., … Buckner, R. L. (2011). The organization of the human cerebral

cortex estimated by intrinsic functional connectivity. Journal of Neurophysiology, 106, 1125–1165.
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