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Diffusion MRI is a powerful tool for imaging brain structure, but it is challenging to discern the biological un- 

derpinnings of plasticity inferred from these and other non-invasive MR measurements. Biophysical modeling of 

the diffusion signal aims to render a more biologically rich image of tissue microstructure, but the application of 

these models comes with important caveats. A separate approach for gaining biological specificity has been to 

seek converging evidence from multi-modal datasets. Here we use metrics derived from diffusion kurtosis imag- 

ing (DKI) and the white matter tract integrity (WMTI) model along with quantitative MRI measurements of T1 

relaxation to characterize changes throughout the white matter during an 8-week, intensive reading intervention 

(160 total hours of instruction). Behavioral measures, multi-shell diffusion MRI data, and quantitative T1 data 

were collected at regular intervals during the intervention in a group of 33 children with reading difficulties (7–

12 years old), and over the same period in an age-matched non-intervention control group. Throughout the white 

matter, mean ’extra-axonal’ diffusivity was inversely related to intervention time. In contrast, model estimated 

axonal water fraction (AWF), overall diffusion kurtosis, and T1 relaxation time showed no significant change over 

the intervention period. Both diffusion and quantitative T1 based metrics were correlated with pre-intervention 

reading performance, albeit with distinct anatomical distributions. These results are consistent with the view that 

rapid changes in diffusion properties reflect phenomena other than widespread changes in myelin density. We 

discuss this result in light of recent work highlighting non-axonal factors in experience-dependent plasticity and 

learning. 
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. Introduction 

Experience can alter the structure of white matter throughout life
 Bechler et al., 2018 ; Fields, 2015 ; Sampaio-Baptista and Johansen-
erg, 2017 ). In human subjects, evidence for white matter plastic-

ty has been reported after remarkably brief behavioral interven-
ions, ranging in length from hours to months ( Ekerdt et al., 2020 ;
ofstetter et al., 2017 ; Hofstetter et al., 2013 ; Huber et al., 2018 ;
olles et al., 2016 ; Mamiya et al., 2016 ; Metzler-Baddeley et al., 2017 ;
ampaio-Baptista et al., 2013 ). Experience dependent plasticity is there-
ore thought to occur not only during specific developmental win-
ows, but well into adulthood (see Sampaio-Baptista and Johansen-Berg
017 for a recent review). However, it is challenging to determine the
eurobiological underpinnings of these effects: For one, the majority
f past work has relied on diffusion MRI (dMRI) and scalars derived
rom the diffusion tensor model (DTI, Basser et al., 1994 ), which entan-
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le microstructural features with the spatial organization of axon bun-
les at the voxel level, diminishing microstructural specificity ( De Santis
t al., 2014 ). Broadly speaking, parametric variation of one kind (e.g.,
adial diffusivity) does not map onto specific variation in tissue struc-
ure (e.g., myelination). The same is true for diffusion kurtosis imaging
DKI, Jensen et al., 2005 ), which accounts for higher order variation
n the diffusion signal and extends the tensor model to larger b-values
 > 1000 s/mm 

2 ). Both DTI and DKI provide descriptions of the diffusion
ignal that are agnostic to tissue composition. Modeling approaches that
ffer a biologically richer interpretation of the diffusion signal thus hold
n appeal. 

Over the last two decades, a host of biophysical models have been
roposed with the aim of better characterizing the diffusion signal
ith respect to underlying tissue structure ( Alexander et al., 2019 ;

elescu and Budde, 2017 ). In general, these models envision two or
ore non-exchanging, tissue-specific water compartments (e.g., intra-
ust 2021 
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ersus extra-axonal) whose distinct signal decay profiles can be lever-
ged to yield relative weightings (signal fractions) for each compart-
ent. For example, DKI based tissue models have been used to derive

oxel-level neurite/axon fractions and compartment specific intra- and
xtra-axonal tensors ( Fieremans et al., 2011 ; Jensen and Helpern, 2010 ;
espersen et al., 2010 ). A recent implementation ( Fieremans et al.,
011 ), known as the ‘white matter tract integrity’ (WMTI) model
 Benitez et al., 2014 ), has been used to characterize axonal pathology
nd de-myelination ( Falangola et al., 2014 ; Guglielmetti et al., 2016 ;
elescu et al., 2015 ; Jelescu et al., 2016b ; Kelm et al., 2016 ). WMTI
arameters have also been linked to individual differences in cogni-
ive performance in healthy adults ( Chung et al., 2018a ) and children
 Huber et al., 2019 ), as well as variation in the white matter as a func-
ion of age during early development (0–3 years, Jelescu et al., 2015 ),
hroughout childhood and adolescence (4–19 years, Genc et al., 2017 ),
nd across the lifespan (7–63 years, Chang et al., 2015 ). Indeed, with
ppropriate pre-processing, these parameters are highly reliable, even
n children, for whom head motion is a particular concern and scan du-
ations are necessarily limited ( Huber et al., 2019 ). 

As is true for any modeling framework, the interpretability of re-
ults depends strongly on the validity of underlying assumptions. In the
MTI model, intra- and extra-axonal compartment specific tensors are

erived in light of the axonal water fraction (AWF) estimated voxel-
ise from the overall kurtosis tensor ( Fieremans et al., 2011 ). For com-
lex fiber configurations, AWF estimates are approximate and provide
heoretical upper/lower limits on compartment fractions, absent a pri-
ri knowledge of the intra-axonal diffusivity ( Fieremans et al., 2011 ;
espersen et al., 2010 ). Although originally developed in the context of
ligned fibers, it is possible to derive AWF, along with intra- and extra-
xonal compartment diffusivities, for arbitrary configurations of fibers:
ne can proceed by factoring out orientation dispersion via directional
veraging ( Henriques Rafael Neto, 2021 ; Kaden et al., 2016 ), by using a
re-defined ODF (e.g., Jespersen et al. 2018 , Zhang et al. 2012 ), or by in-
orporating a data-derived estimate of the orientation distribution func-
ion (ODF) (see Novikov et al. 2018 , see Tournier 2019 for recent review
f approaches). Recently, McKinnon and colleagues ( McKinnon et al.,
018 ) used ODF estimates from fiber ball imaging (FBI) ( Jensen et al.,
016 ) to inform estimates of AWF and compartmental diffusivities
hroughout the white matter, providing a direct extension of WMTI
o white matter regions with more complex architecture. Importantly,
cKinnon and colleagues also demonstrated discrepancies in intra-

xonal diffusivity estimates across models with and without the FBI-
erived ODF, particularly in regions with lower FA ( < 0.8). Other re-
ent work has also highlighted the confounding of compartment diffu-
ivities, signal fractions, and dispersion values, in the context of a model
n which all parameters are freely fit ( Jelescu et al., 2016a ). An ensuing
ebate as to the appropriate designation of ’faster’ vs. ’slower’ diffusing
ompartments in the WMTI model (see Jelescu et al. 2020 for recent
eview) serves to underscore present challenges for relating diffusion
easurements to underlying tissue, and the need for caution in assign-

ng a biological interpretation to diffusion parameters. 
Although tissue modeling techniques may yield ambiguous or even

naccurate results, model parameters may still help to inform new link-
ng hypotheses, in conjunction with complementary imaging measures,
uch as quantitative estimates of T1 relaxation and magnetization trans-
er (MT). Multi-modal studies that combine diffusion MRI with these
easures can provide critical insight ( Cercignani and Bouyagoub, 2018 ;

ilo et al., 2019 ; Takemura et al., 2019 ; Travis et al., 2019 ). In a re-
ent study with pre-school aged children, T1 relaxation, but not FA, in
he anterior arcuate fasciculus predicted family history of dyslexia and
ubsequent childhood reading performance ( Kraft et al., 2016 ), suggest-
ng that behaviorally important differences in myelination might be ob-
cured by the lack of microstructural specificity inherent in the diffusion
etrics. At the same time, a number of studies have reported devel-

pmental changes in diffusion properties over adolescence ( Lebel and
eaulieu, 2011 ; Tamnes et al., 2018 ), while recent work has failed to
2 
etect a corresponding change MT based metrics ( Moura et al., 2016 ).
n a large cross-sectional study, complementary DTI and quantitative
1 relaxation measurements showed distinct trajectories across age
 Yeatman et al., 2014 ). Recent multi-modal analyses have sought to dis-
ntangle effects attributed to factors like axonal size and packing versus
yelination ( Geeraert et al., 2019 ), potentially offering a more nuanced

iew of white matter development. Where discrepancies across imaging
odalities stem from differential sensitivity to specific tissue features,

ather than differences in signal to noise (either intrinsically, or by virtue
f methodological factors yielding SNR differences across data types),
hey may be highly informative about biological processes unfolding
ith distinct time courses over development, or with distinct roles in
redicting behavior. 

We previously reported that 8 weeks of intensive, native-language
English) reading instruction prompts widespread changes in white mat-
er diffusion properties, which track the learning process ( Huber et al.,
018 ). Given that these effects occurred rapidly, and were distributed
hroughout the white matter, we speculated that the changes in diffu-
ivity might reflect an initial stage of the learning process, rather than
unctionally specific remodeling of myelin. Here, we first re-examined
he previously described intervention effect in a larger sample of par-
icipants (n = 32). We then tested for longitudinal changes in parameters
erived from the WMTI model, as well as in quantitative R1 relaxation
ates (1/T1 relaxation time). At baseline (pre-intervention), diffusion
arameters and R1 estimates both correlated with reading skill; how-
ver, the anatomical distribution of these effects differed across modali-
ies. Although we observed compartment specific changes in diffusivity,
e failed to detect a change in AWF or R1. 

. Materials and methods 

.1. Participants 

A total of 128 behavioral and MRI sessions were conducted with a
roup of 34 children ranging in age from 7 to 12 years, who partici-
ated in an intensive summer reading intervention program. Of these
articipants, 24 were included in a previous manuscript ( Huber et al.,
018 ). Members of the intervention group were recruited based on par-
nt report of reading difficulties and/or a clinical diagnosis of dyslexia.
ulti-shell diffusion MRI and behavioral data were collected before the

ntervention (baseline), after 3.63 weeks of intervention ( + /- 1.49), af-
er 6.77 weeks of intervention ( + /- 1.32), and at the end of the 8-week
ntervention period. An additional 87 behavioral and MRI sessions were
onducted with 45 participants, who were recruited as a control group
o assess the stability of our measurements over the repeated sessions. A
otal of 29 sessions (out of 215 total) were removed from further anal-
sis due to excessive head motion or other artifacts in the MRI data, as
escribed below. The final sample included 111 sessions from 32 inter-
ention participants (12 female, mean age 9.43 years), and 75 sessions
rom 41 control participants (16 female, mean age 9.86 years). The final
ontrol group was matched in age ( t (71) = -1.17, p = 0.25) but not read-
ng level. Pre-intervention behavioral scores for both groups are shown
n Fig. 1 . 

Control participants completed the same experimental sessions but
id not receive the reading intervention. Some families of control group
articipants were reluctant to commit to all four sessions, given that
heir children were not receiving an educational intervention. These
amilies were given an opportunity to participate in 2 sessions. The inter-
al for two sessions was chosen to produce balanced numbers of mea-
urements at equivalent time points to the intervention group. In the
ntervention group, 5 participants were unable to complete all imaging
essions, and therefore participated in 3 sessions, total. One intervention
articipant who completed only a single MRI session, for scheduling
easons, was excluded from the longitudinal analysis as well as cross-
ectional analyses, based on data quality. The distribution of testing
essions for the final sample of intervention and control participants,
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Fig. 1. Boxplots of pre-intervention period reading and math scores. Median 

scores (open circles) are plotted for the intervention (dark gray) and non- 

intervention control (light gray) groups. Box edges mark the 25th and 75th per- 

centiles, while whiskers span the full range of data points for each measure: Test 

of Word Reading Efficiency index (TOWRE) and the Woodcock Johnson Tests of 

Achievement subtests for Basic Reading Skill (WJ-BRS), Reading Fluency (WJ- 

RF), Calculation (WJ-CALC), and Math Facts Fluency (WJ-MFF). 
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fter excluding subjects for quality control (e.g., due to excessive mo-
ion during MRI), is summarized in Fig. 2 . 

All participants were native English speakers with normal or
orrected-to-normal vision and no history of neurological damage or
sychiatric disorder. Participants first completed a mock scan to famil-
arize them with the scanning environment and to ensure their comfort
nd ability to hold still during the MRI sessions. We obtained written
onsent from parents, and verbal assent from all child participants. All
rocedures, including recruitment, consent, and testing, followed the
uidelines of the University of Washington Human Subjects Division and
ere reviewed and approved by the UW Institutional Review Board. 

.2. Reading intervention 

Intervention participants were enrolled in 8 weeks of the Seeing
tars: Symbol Imagery for Fluency, Orthography, Sight Words, and
pelling ( Bell, 2007 ) program at three different Lindamood-Bell Learn-
ng Centers in the Seattle area. The intervention program consists of di-
ected, one-on-one training in phonological and orthographic process-
ng skills, lasting four hours each day, five days a week. The curricu-
um uses an incremental approach, building from letters and syllables
o words and connected texts, emphasizing phonological decoding skills
s a foundation for spelling and comprehension. A hallmark of this in-
ervention program is the intensity of the training protocol (4 h a day, 5
ays a week) and the personalized approach that comes with one-on-one
nstruction. 

To test for longitudinal change in reading and non-reading (Calcu-
ation and Math Facts Fluency subtests of the Woodcock Johnson Tests
f Achievement) measures, we fit a linear mixed effects model with a
xed effect of intervention time, in days (for control participants, this
orresponds to days since the baseline session), and a random effect
f participant (random intercept). All statistical analyses were carried
ut using custom software written in MATLAB (version R2018a) and
he MathWorks Statistics Toolbox. The intervention group showed sig-
ificant gains for all reading measures (p < 0.0001). We found no sig-
ificant growth in calculation ( t (96) = -1.85, p = 0.068) or math facts
uency ( t (101) = -1.80, p = 0.074), both of which decreased marginally
ver the same time period. Note that the degrees of freedom above re-
ect occasional missing behavioral data due to participant fatigue in a
mall number of sessions. In the control group, performance on timed
eading and non-reading measures (TOWRE, WJ-RF, and WJ-MFF) im-
roved with repeated testing (TOWRE: t (73) = 3.89, p = 0.00022, WJ-
F: t (71) = 3.32, p = 0.0014, WJ-MFF: t (73) = 2.22, p = 0.030), al-

hough reading accuracy and calculation showed no significant change
WJ-BRS: t (73) = 1.66, p = 0.10, WJ-CALC: t (70) = 1.52, p = 0.13). As
bove, degrees of freedom above reflect occasional missing behavioral
ata (for WJ-RF and WJ-CALC) due to participant fatigue. In a subset of
eading matched controls (defined as having a basic reading WJ-BRS or
3 
imed reading TOWRE score 2 or more standard deviations below the
opulation mean at Session 1), we saw an increase in reading fluency
ith repeated testing (WJ-RF: t (15) = 2.77, p = 0.014), and no signifi-

ant change in any other measure. 

.3. Magnetic resonance imaging (MRI) acquisition protocol 

All imaging data were acquired using a 3T Phillips Achieva scanner
Philips, Eindhoven, Netherlands) at the University of Washington Di-
gnostic Imaging Sciences Center (DISC) using a 32-channel head coil.
n inflatable cap minimized head motion, and participants were con-

inuously monitored through a closed-circuit camera system. 
Diffusion-weighted magnetic resonance imaging (dMRI) data were

cquired at 2.0 mm isotropic spatial resolution with full brain cover-
ge. Each session consisted of 3 DWI scans, one with 32 non-collinear
irections ( b -value = 800s/mm 

2 ), and a second with 64 non-collinear di-
ections ( b -value = 2000s/mm 

2 ). Each of the DWI scans included 4 vol-
mes without diffusion weighting ( b -value = 0). We also collected one
can with 6 non-diffusion-weighted volumes and a reversed phase en-
oding direction (posterior-anterior) to correct for EPI distortions due to
nhomogeneities in the magnetic field using FSL’s topup (version 5.0.9)
ool ( Andersson et al., 2003 ). Additional pre-processing was carried out
sing the FSL Eddy tool ( Andersson and Sotiropoulos, 2016 ) for motion
nd eddy current correction. Diffusion weighted volumes were aligned
rst to the average of the non-diffusion weighted volumes, and then
o an ACPC aligned T1 weighted anatomical image (MPRAGE acquired
t 1.0 mm isotropic) using a rigid body transformation (SPM version
2 Ashburner and Friston, 1997 ). Diffusion gradients were rotated to
ccount for rotation applied during motion correction and alignment.
ata were manually checked for imaging artifacts and excessive dropped
olumes. Given that participant motion can be especially problematic
or the interpretation of group differences in DWI data ( Yendiki et al.,
014 ), data sets with mean slice-by-slice displacement > 3 mm were au-
omatically excluded from further analysis. In total, 14 data sets were
xcluded due to participant motion. In Session 1, two intervention par-
icipants and one control participant were excluded. In Session 2, four
ntervention participants and two control participants were excluded. In
ession 3, one intervention and one control participant were excluded.
n Session 4, three intervention participants were excluded. 

For quantitative T1 mapping, we followed protocol developed by
 Mezer et al., 2013 ). Briefly, we acquired 4 spoiled gradient echo re-
alled images using two different flip angles (2 scans with 4° and 2
cans with 20°, all with TR = 14 ms, TE = 2.3 ms, and resolution of
 mm 

3 ), which were aligned to the same T1 weighted anatomical image
MPRAGE acquired at 1.0 mm isotropic) as the diffusion data (see above)
sing a rigid body transformation (SPM version 12 Ashburner and Fris-
on, 1997 ). To correct the transmit coil inhomogeneity, we collected 4
pin echo inversion recovery scans with EPI read-out (SEIR-EPI), with
R 6500 ms, TE 6.46 ms, inversion times of 50, 400, 1200, and 2400 ms,
nd 2 mm 

2 in-plane resolution with a slice thickness of 4 mm. The ANTs
oftware package ( Tustison et al., 2009 ) was used to register the spoiled
radient echo recalled images to the spin echo inversion recovery im-
ges. We then compared T1 fits estimated using the spoiled gradient
cho images to fits estimated using the unbiased ( Barral et al., 2010 ;
ezer et al., 2016 ; Mezer et al., 2013 ) SEIR images to characterize

he inhomogeneity field and apply an appropriate correction to the bi-
sed, high resolution spoiled gradient echo recalled images using freely
vailable, custom MATLAB code ( https://github.com/mezera/mrQ ). R1
aps were then created by taking 1/T1 (seconds) using the bias cor-

ected T1 estimate for each voxel. 

.4. Modeling white matter tissue properties 

Axonal water fraction and compartment specific diffusivities were
alculated according to the white matter tract integrity (WMTI) model
s implemented in DIPY version 0.16.0 ( Garyfallidis et al., 2014 ), after

https://github.com/mezera/mrQ


E. Huber, A. Mezer and J.D. Yeatman NeuroImage 243 (2021) 118453 

Fig. 2. Testing schedule for intervention and 

control groups. Experimental sessions were 

evenly spaced for each participant, with a base- 

line prior to the start of intervention, and three 

time points during the intervention period, af- 

ter approximately 3, 6, and 8 weeks of in- 

struction. The number of participants in the 

intervention and control groups that survived 

data quality control procedure is given for each 

time point, along with the mean number of in- 

struction hours completed by the intervention 

group, with standard deviation in parentheses. Intervention participants completed a total of 160 h of reading instruction. 
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tting the diffusion kurtosis model ( Jensen et al., 2005 ) to the diffusion
ata, and following the pre-processing steps described above. 

Modeling was carried out first with the default assumption of greater
xtra- versus intra-axonal diffusivity ( Fieremans et al., 2011 , see also).
pecifically, extra-axonal diffusivity was defined as 

 𝒆 , 𝒊 = 𝑫 𝒊 

⎡ ⎢ ⎢ ⎣ 1 + 

√ 

𝑲 𝒊 𝒇 

3 ( 1 − 𝒇 ) 

⎤ ⎥ ⎥ ⎦ 
hile intra-axonal diffusivity was defined as 

 𝒂 , 𝒊 = 𝑫 𝒊 

⎡ ⎢ ⎢ ⎣ 1 − 

√ 

𝑲 𝒊 ( 1 − 𝒇 ) 
3 𝒇 

⎤ ⎥ ⎥ ⎦ 
here D i and K i are the diffusion and kurtosis coefficients for i = 1,2,3,

orresponding to the axes of the overall diffusion/kurtosis tensor, and f
orresponds to the intra-axonal water fraction ( Fieremans et al., 2011 ).
s an illustrative supplementary analysis, we inverted the assumed rela-

ionship between diffusivities (intra- greater than extra-axonal), as fol-
ows: 

 𝒆 , 𝒊 = 𝑫 𝒊 

⎡ ⎢ ⎢ ⎣ 1 − 

√ 

𝑲 𝒊 𝒇 

3 ( 1 − 𝒇 ) 

⎤ ⎥ ⎥ ⎦ 
 𝒂 , 𝒊 = 𝑫 𝒊 

⎡ ⎢ ⎢ ⎣ 1 + 

√ 

𝑲 𝒊 ( 1 − 𝒇 ) 
3 𝒇 

⎤ ⎥ ⎥ ⎦ 
Because the model presumes aligned fibers and derives AWF

rom the maximum directional kurtosis (ignoring axonal dispersion
nd omitting intra-axonal diffusivity from the calculation, following
ieremans et al. 2011 ), AWF estimates are not affected by assignment of
elative diffusivities. Conceptually, inverting the relative diffusivities es-
entially relabels the ’faster diffusing’ compartment as ’intra-axonal’. Of
ourse, D a,3 > D e,3 would only be physically plausible in cases where,
or example, axonal radii are large relative to the diffusion length, or
here axonal dispersion is high and under sampled by the applied dif-

usion gradients; or perhaps where unanticipated signal exchange occurs
cross compartments. If D a,3 represents the direction roughly perpendic-
lar to aligned axons (and if there is a direction for which D a is approx-
mately zero, i.e., diffusion is fully restricted), then D a,3 > D e,3 makes
ittle sense. We are not arguing for the validity of the inverted model but
ather hoping to explore the consequences of this specific change. Our
llustrative analysis probably understates the complexity of the issue at
and, in part because we approximate AWF from maximal directional
urtosis, meaning that AWF estimates are not affected ( Fieremans et al.,
011 ). 

All values were mapped onto fiber tracts identified for each par-
icipant using the Automated Fiber Quantification software package
 Yeatman et al., 2012b ), freely available code written in MATLAB ( https:
/github.com/yeatmanlab/AFQ ), after initial generation of a whole-
rain fiber estimates using the IFOD2 algorithm for probabilistic tractog-
aphy in MRtrix version 3.0 ( Tournier et al., 2019 ). Since the white mat-
er tract integrity (WMTI) assumes that fibers are relatively well aligned
 Fieremans et al., 2011 ), we followed recommendations from previous
4 
ork and restricted our analysis to voxels with fractional anisotropy
alues greater than 0.3 ( Chung et al., 2018a ; Jensen et al., 2017a ;
ensen et al., 2017b ). Voxels with fractional anisotropy below 0.3 were
emoved and WMTI metrics were interpolated at each point on each
ber, and values were then summarized along the fiber-tract core by
omputing the median value across fiber nodes. Data with outlying val-
es (greater than 4 standard deviations from the sample mean) in the
hite matter for any of the fitted metrics was excluded from further
nalysis. After excluding both outliers and individuals with excessive
otion ( > 3mm, see above), the final data set included 111 sessions from
2 intervention participants and 75 sessions from 41 non-intervention
ontrol participants. A total of four control and five intervention par-
icipants were excluded at Session 1, four control and six intervention
articipants at Session 2, two control and three intervention participants
t Session 3, and two control and four intervention participants at Ses-
ion 4. 

.5. Statistical analysis 

Statistical analysis was carried out using custom software written
n MATLAB (version R2018a; https://github.com/yeatmanlab/Huber _
021 _ NeuroImage ). To assess change over the course of intervention,
e first averaged the middle 80% of each tract to create a single esti-
ate of each property for each participant and tract. We selected the
iddle portion to eliminate the influence of crossing fibers near cortical

erminations, and to avoid potential partial volume effects at the white
atter / gray matter border. Mean tract values were then entered into a

inear mixed effects model, with fixed effects of intervention time and a
andom effect of participant (random intercept and slope). For quanti-
ying intervention effects, we prefer to use ‘hours of intervention’, since
his variable directly reflects the intervention ‘dose’. For analyses includ-
ng the control participants, who did not participate in an intervention
f any kind, we substitute ‘days since the baseline session’ for ‘hours
f intervention’. Since sessions were held at regular intervals, the two
ariables were highly correlated (Pearson’s r = 0.94, p < 0.001). 

. Results 

.1. Diffusion MRI 

Significant changes in mean diffusivity (MD) were apparent through-
ut the white matter in the intervention group ( Fig. 3 b, d; note that raw
oefficients are presented for descriptive purposes, while tracts showing
ignificant change, qFDR < 0.05, are labeled accordingly). In a group
f age-matched control participants who attended school as usual, we
ound no significant changes in white matter diffusivity over the same
ime frame, and growth estimates for the 16 pathways were distributed
round zero ( Fig. 3 c). A group (intervention vs. non-intervention) by
ime (days) interaction was significant (uncorrected p < 0.05) for the
eft arcuate fasciculus ( t (182) = -1.97, p = 0.049). 

Although mean diffusivity is a highly sensitive measure, it is not bio-
ogically specific ( De Santis et al., 2014 ). We next examined the effects of
ntervention on parameters estimated from the WMTI model: axonal wa-

https://github.com/yeatmanlab/AFQ
https://github.com/yeatmanlab/Huber_2021_NeuroImage
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Fig. 3. (A) White matter tracts are shown in 

two views (left hemisphere, right hemisphere) 

for an example participant. (For interpretation 

of the references to color in this figure legend, 

the reader is referred to the web version of this 

article.) (B) The same tracts shown in (A), with 

color-coding based on the coefficient from a 

linear mixed effects model predicting mean dif- 

fusivity (MD) values as a function of interven- 

tion hours at each location along each tract. 

(C) Standardized coefficients from a mixed ef- 

fects model ( + /- 1 SE) predicting mean diffu- 

sivity from ‘days since the baseline session’, for 

the control group. No tracts showed significant 

effects, and estimates were distributed around 

zero. (D) Results for the intervention partici- 

pants, using the same statistical model as in (C). 

Darker shaded bars reflect significant change 

(qFDR < 0.05). 

Fig. 4. Modeling white matter plasticity. (A) 

Illustration of two scenarios in which mean 

diffusivity might decline in a voxel: prolifera- 

tion of glial cells within the extra axonal space 

(top) or increasing axonal myelination (bot- 

tom). (B–F) Plots show coefficients from a lin- 

ear mixed effects model predicting (B) extra- 

axonal mean diffusivity (MDe) and axon wa- 

ter fraction (AWF), (C) tortuosity ( ||De 
⊥De 

) , (D) 

intra-axonal diffusivity (Da), (E) perpendicular 

extra-axonal diffusivity ( ⊥De), and (F) parallel 

extra-axonal diffusivity (||De) from interven- 

tion time in hours. Tracts showing significant 

change ( qFDR < 0.05) are shaded with a darker 

blue. (For interpretation of the references to 

color in this figure legend, the reader is referred 

to the web version of this article.) 
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er fraction (AWF), intra-axonal diffusivity (Da), and extra-axonal mean
iffusivity (MDe). As shown in Fig. 4 , intervention effects were limited
o parameters associated with the extra-axonal space: Extra-axonal MD
ffects mirror the MD effects shown above. We saw no change in esti-
ates of AWF over the intervention period. A supplementary analysis of

xial, radial, and mean kurtosis gave identical results, with the excep-
ion of the right corticospinal tract, where a trend was present for mean
group-by-time interaction t (182) = -2.30, p = 0.023) and radial kurtosis
group-by-time interaction t (182) = -2.28, p = 0.024). No other tracts
howed significant change in kurtosis estimates over the intervention
eriod. 

Inverting the assumed relationship between diffusivities resulted in
ignificant longitudinal effects attributed to intra-axonal diffusivity, as
hown in Fig. 5 , and rendered the extra-axonal effects non-significant.
 m  

5 
e address the implications of this observation in the Discussion. Impor-
antly, this change to the model does not affect our calculation of AWF
 Fieremans et al., 2011 ), and so under either set of assumptions, we find
o detectable difference in AWF over the course of the intervention. 

.2. Quantitative T1 

The diffusion MRI effects are compatible with a process that influ-
nces diffusion within the extra-axonal space without changing the rel-
tive size of the axonal compartment. As discussed above, however,
he WMTI parameters provide neither a direct nor unambiguos index
f AWF. We therefore use qMRI data collected in the same participants
uring the intervention to further examine potential tissue changes. R1
easurements reflect both the total volume of tissue in a region, and
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Fig. 5. Inverting the assumed relationship between diffusivities rendered the 

extra-axonal effects non-significant (top) and resulted in significant longitudinal 

effects attributed to intra-axonal diffusivity (bottom). Plots show coefficients 

from a linear mixed effects model predicting each parameter from intervention 

time in hours. Tracts showing significant change ( qFDR < 0.05) are shaded with 

a darker blue. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 
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he macro-molecular composition of that tissue, incuding lipid and iron
ontent ( Filo et al., 2019 ; Mezer et al., 2013 ; Stuber et al., 2014 ). A
ecrease in the volume of myelinated tissue (or, an increase in water)
ithin a voxel would be associated with lower measured R1 values,
hile an increase in myelinated tissue would be associated with elevated
1 measurements. However, we found no significant change in R1 over

he intervention period in either group, as shown in Fig. 6 . Baseline R1
alues in severeal tracts did correlate with reading skill prior to the start
f intervention ( p < 0.05, uncorrected, see Fig. 6 for exact correlation
alues), as did MD and ’extra-axonal’ MD values. The anatomical distri-
ution of behavioral effects differed across modalities and parameters
R1 vs. WMTI derived diffusivities vs. AWF). 

. Discussion 

Here we use diffusion MRI and a tissue model derived from diffu-
ion kurtosis imaging ( Fieremans et al., 2011 ), alongside quantitative R1
1/T1 relaxation time) measurements, to examine changes in the white
atter during a successful reading intervention. In both the intervention

nd non-intervention control groups, R1, MD, AWF, and ’extra-axonal’
iffusivity correlated with pre-intervention reading skill and showed dis-
inct anatomical distributions. While we observed systematic changes
ver the intervention in MD and ’extra-axonal’ MD, we failed to see a
hange in estimated intra-axonal water fraction (AWF), or in quantita-
ive R1 values. 

While an absence of longitudinal change in either AWF or quantita-
ive R1 points away from an underlying change in myelination, this null
esult should be interpreted cautiously. 

WMTI derived parameters have been evaluated in the context
f both animal and human models of white matter pathology
 Benitez et al., 2014 ; de Kouchkovsky et al., 2016 ; Falangola et al.,
014 ; Guglielmetti et al., 2016 ; Jelescu et al., 2015 ; Jelescu et al.,
016b ; Kamiya et al., 2017 ; Kelm et al., 2016 ). AWF has been proposed
s a marker for pathological axonal loss ( Fieremans et al., 2013 ), but
t has also been shown to vary with experimentally induced demyeli-
ation ( Falangola et al., 2014 ; Jelescu et al., 2016b ). Although diffu-
ion MRI is not directly sensitive to myelin, it has been suggested that
WF might capture changes in myelination indirectly, if an associated
hange in the extra-axonal volume fraction were to alter the signal con-
ributions from axonal versus non-axonal water ( Jelescu et al., 2015 ;
6 
elescu et al., 2016b ). However, it is not clear that the resulting sig-
al change would be proportionate to the physical change in myelin. In
ontrast, R1 has been shown to vary systematically with myelin content,
t least in the white matter ( Stuber et al., 2014 ), and quantitative R1
stimates have been used to characterize age-related variation in white
atter development (e.g., Yeatman et al. 2014 ). However, experience-
riven changes in myelin might be still smaller or more variable across
bers than developmental or age-related effects. The complementary re-
ults for AWF and R1 thus provide converging information that argues
gainst a widespread change in myelination, but do not unequivocally
ule out the possibility that local myelin remodeling may be occurring. 

We previously ( Huber et al., 2018 ) reported changes in mean dif-
usivity alongside growth in reading skills during an intensive read-
ng intervention. The current analysis suggests that these effects reflect
roperties of the extra-axonal space, rather than changes in myelina-
ion. It is plausible that a systematic and specific reduction in extra-
xonal diffusivity could result from changes in the size or distribution
f non-neuronal cells, such glia ( Yi et al., 2019 ). This has been sug-
ested elsewhere with respect to gray matter diffusivity ( Blumenfeld-
atzir et al., 2011 ; Johansen-Berg et al., 2012 ; Sagi et al., 2012 ). In

he white matter, developmental studies suggest that neuronal activ-
ty can affect the number of oligodendrocyte progenitor cells (OPCs)
nd potentially determine whether existing myelin sheaths are main-
ained ( Hines et al., 2015 ). In adults, newborn OPCs are thought to
articipate in myelin remodeling and re-myelination, and animal mod-
ls blocking OPC production show predicted impairments in motor skill
earning ( McKenzie et al., 2014 ; Xiao et al., 2016 ). Rapid OPC prolifera-
ion has been shown to precede later learning-related myelin remodeling
 Gibson et al., 2014 ), with the early proliferative response appearing to
xceed subsequent changes in myelination, perhaps reflecting an initial
ver-production of glial cells during an early stage of the learning pro-
ess. Correlations between motor learning and diffusion indices associ-
ted with the untrained hemisphere have also been reported ( Sampaio-
aptista et al., 2013 ), suggesting that diffusion measurements may cap-
ure spatially widespread variation relevant for learning, beyond the
pecific myelination of functionally relevant circuits. 

It is important to consider the limitations of the diffusion MRI mod-
ling framework used in the current study. The WMTI implementation
sed here assumes well-aligned fibers as its inputs, and we have tried
o assure that this assumption is met in our analysis by sampling vox-
ls with fractional anisotropy values that fall within a range for which
he model has been applied ( Chung et al., 2018a ; Jensen et al., 2017b ).
t should be noted, however, that an FA cutoff of 0.3 likely includes
he bulk of white matter, including regions with a variety of underly-
ng geometries. As an illustrative example, we contrasted fits from the
tandard WMTI model ( Fieremans et al., 2011 ) with fits from an im-
lementation that assumed greater intra- versus extra-axonal diffusivity
hroughout the brain. As we note above, D a, ⊥ > D e, ⊥ would only be
hysically plausible in cases where, for example, axonal radii are large
elative to the diffusion length, or where axonal dispersion is high and
ndersampled by the applied diffusion gradients (i.e., D a, ⊥ > 0 and/or
oes not correspond to diffusion perpendicular to aligned axons), or
erhaps where unanticipated signal exchange occurs across compart-
ents. Whether overall D a is in fact greater than D e, ⊥ remains a topic

f continued study (see Jelescu et al. 2020 for recent review; see also
espersen et al. 2018 , Kunz et al. 2018 ). Here, we observed that in-
ervention effects were localized to the intra- rather than extra-axonal
pace when the relative diffusivities were inverted. Alteration in intra-
xonal diffusivity has previously been tied to axonal injury ( Chung et al.,
018b ), although it is less clear what non-pathological mechanism
ould alter the intrinsic diffusivity of the intra-axonal space over the

imescales and in the participant sample considered here. Nonetheless,
t is worth noting that the biological interpretation of these effects de-
ends critically on the derivation of compartment diffusivities within the
odel. Our illustrative analysis probably understates the complexity of

he issue at hand, in part because we approximate AWF from maximal
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Fig. 6. Quantitative R1 values show no sig- 

nificant change in the intervention group (A), 

or the non-intervention control group (B). Bar 

plots show coefficients from a linear mixed ef- 

fects model predicting R1 from intervention 

time (days since baseline). (C) Correlations be- 

tween baseline (pre-intervention) reading skill 

and baseline, tract averaged R1, MD, extra- 

axonal MD (MDe), extra-axonal perpendicular 

diffusivity ( ⊥De), extra-axonal axial diffusiv- 

ity (||De), intra-axonal diffusivity (Da), tortu- 

osity (T), and axonal water fraction (AWF). 

Results are shown separately for each read- 

ing measure: The Test of Word Reading Effi- 

ciency index (TOWRE, far left), the Woodcock 

Johnson Tests of Achievement subtests Basic 

Reading Skill subtest (WJ-BRS, middle), and 

the Woodcock Johnson Reading Fluency sub- 

test (WJ-RF, right). Color coding reflects in- 

dividual Pearson’s correlation coefficients, and 

numerical values are given for all significant ( p 

< 0.05, uncorrected) correlations. 
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B  
irectional kurtosis and therefore our estimates of AWF are less biolog-
cally exact, but stable ( Fieremans et al., 2011 ). While there has been
onsiderable recent effort aimed at establishing more flexible models
hat are biologically valid and computationally robust, substantial work
emains (see Jelescu et al. 2020 for recent review). 

Consistent with a number of previous dMRI studies in children
 Deutsch et al., 2005 ; Lebel et al., 2013 ; Odegard et al., 2009 ;
ravis et al., 2017 ; Vanderauwera et al., 2018 ; Yeatman et al., 2012a ;
eatman et al., 2011 ), we found a correlation between diffusion indices
nd reading skill within tracts considered core to the reading and lan-
uage circuitry ( Ben-Shachar et al., 2007 ; Vandermosten et al., 2012 ;
andell and Yeatman, 2013 ), namely, the arcuate fasciculus, uncinate,

LF, IFOF, and the posterior and anterior crossing of the corpus col-
osum. Correlations with quantitative R1 estimates highlighted partly
verlapping anatomical regions, specifically, the left ILF and IFOF and
he posterior callosal fibers. Lower estimated AWF in the right ILF, IFOF,
nd the anterior callosal fibers also predicted higher reading skill. The
nalysis of behavioral correlations was exploratory in nature, and not
 primary aim of the current paper; however, it underscores the notion
hat distinct mechanisms may underpin correlations between specific
hite matter connections and individual differences in reading over de-
elopment, a topic which merits further study. 

The relationship between higher-level cognitive function and struc-
ural features of myelinated and unmyelinated neurites, glial cells, and
asculature is surely complex, and the process of maintaining and opti-
izing this tissue architecture likely involves several distinct biological
henomena that operate over different time scales. Maturational differ-
nces in diffusion within the white matter reflect changes in myelination
hat occur over the timescale of years ( Chang et al., 2015 ; Jelescu et al.,
015 ). The current data suggest that short-term changes in diffusion
roperties might capture an initial stage of the learning process, al-
hough the connection between rapid non-neuronal changes and long-
erm remodeling of myelin is not fully resolved. Studies employing lon-
itudinal measurements, coupled with increasingly sophisticated imag-
ng and modeling techniques, hold promise for revealing the interplay
mong distinct biological processes that support learning and cogni-
ion. Understanding the relationship between learning and plasticity at
emporal scales ranging from hours (Hofstetter et al., 2017; Hofstetter
t al., 2013;; Sagi et al., 2012 ), to days ( Huber et al., 2019 ), to years
 Wang et al., 2017 ; Yeatman et al., 2012a ), will require research aimed
t forging a tighter link between education and neuroscience. 
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