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Abstract
Adolescents born preterm (PT) with no evidence of neonatal brain injury are at risk of deficits in visual memory and fine
motor skills that diminish academic performance. The association between these deficits and white matter microstructure
is relatively unexplored. We studied 190 PTs with no brain injury and 92 term controls at age 16 years. The Rey–Osterrieth
Complex Figure Test (ROCF), the Beery visual-motor integration (VMI), and the Grooved Pegboard Test (GPT) were collected
for all participants, while a subset (40 PTs and 40 terms) underwent diffusion-weighted magnetic resonance imaging. PTs
performed more poorly than terms on ROCF, VMI, and GPT (all P < 0.01). Mediation analysis showed fine motor skill (GPT
score) significantly mediates group difference in ROCF and VMI (all P < 0.001). PTs showed a negative correlation (P < 0.05,
corrected) between fractional anisotropy (FA) in the bilateral middle cerebellar peduncles and GPT score, with higher FA
correlating to lower (faster task completion) GPT scores, and between FA in the right superior cerebellar peduncle and ROCF
scores. PTs also had a positive correlation (P < 0.05, corrected) between VMI and left middle cerebellar peduncle FA. Novel
strategies to target fine motor skills and the cerebellum may help PTs reach their full academic potential.
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Introduction
Preterm (PT) birth is a major public health concern, whose
scope has only increased as improvements in medical care
have yielded better survival rates of infants born very prema-
ture. Worldwide, in 2010 alone there were an estimated 15 mil-
lion preterm births, with 10.4% of these born at 28–31 weeks
gestational age (Blencowe et al. 2013). The consequences of

surviving very preterm birth are extensive, with nearly 30% of
survivors experiencing long-term neurodevelopmental disabil-
ity or delay (Blencowe et al. 2013). As they grow, PT children
can experience persistent cognitive and executive function def-
icits as well as behavioral problems that can lead to difficulties
in school-age (Allin et al. 2008; Boyle et al. 2011; Wong et al.
2014; Joseph et al. 2016), adolescence, and young adulthood
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(Lefebvre et al. 2005; Hille et al. 2007; Luu et al. 2011; Taylor
et al. 2015).

Perinatal brain injury, including intraventricular hemor-
rhage, white matter injury, and low-pressure ventriculomegaly,
likely causes a significant degree of neurocognitive deficits in
the PT population at large (Volpe 1998; O’Shea et al. 2012).
However, even in those individuals who survive premature
birth with no clinically measurable neurological damage, neu-
rodevelopmental consequences of prematurity can persist, and
these may represent the more prevalent mild sequelae of pre-
mature birth. In particular, deficits in visual memory and
visual-spatial skills are common in the PT population (Taylor
et al. 2004; Van Braeckel et al. 2008; Butcher et al. 2012; Molloy
et al. 2014). Likewise, motor impairment is common in PTs, and
even without severe impairments such as cerebral palsy, PTs
are at higher risk of motor deficit, with mild-moderate impair-
ment occurring with a pooled estimated prevalence of 40.5/100
(95% confidence interval 32.1–48.9/100) (Williams et al. 2010).
The cause of the increased prevalence of fine motor, visual-
spatial, and visual memory impairment in PT populations
remains elusive, although several etiologies have been impli-
cated, such as persistent white matter derangement or reduc-
tions in cerebellar volume (Peterson et al. 2000; Allin et al. 2001;
Tam et al. 2009; Van Braeckel and Taylor 2013; Sripada et al.
2015; Zwicker et al. 2016).

Diffusion tensor imaging (DTI) is a common Magnetic
Resonance Imaging (MRI) technique used to assess the micro-
structure of white matter tracts. Microstructure investigations
of white matter tracts have demonstrated white matter differ-
ence or derangement of white matter development in prema-
ture infants as compared with age-equivalent term infants
(Anjari et al. 2007), and these changes persist into childhood
and even adolescence (Constable et al. 2008; Mullen et al. 2011;
Li et al. 2015). However, few groups have explored the micro-
structural changes that underlie deficits in visual-spatial skills
and visual memory in the PT population (Sripada et al. 2015).

The relationship between fine motor performance, visual-
spatial skills, visual memory, and whitematter microstructure has
been underexplored in PT birth. Thus, the current study seeks to
evaluate these functions in PT adolescents by examining the rela-
tionships between a widely used test of visual-spatial construc-
tional ability and visual memory, the Rey–Osterrieth Complex
Figure Test (ROCF), and measures of both motor function and
visual-motor integration (VMI and GPT). Given the observed sig-
nificant correlations between ROCF scores, motor function, and
VMI score, we hypothesize that deficits in fine motor ability would
mediate the group differences seen in more complex tests of
visual-motor and visual memory abilities. Mapping the influence
that motor impairment has on other realms increases the field’s
knowledge regarding the functional impact of poor motor skills on
cognitive outcomes in PT-born adolescents. We further hypothe-
size that PT-born 16-year olds with no evidence of neonatal brain
injury will have deficits in the microstructure of white matter
tracts that correlate with deficits in visual memory.

Methods
This study was performed at the Yale University School of
Medicine in New Haven, CT, the Warren Alpert Medical School of
Brown University in Providence, RI, and Maine Medical Center,
Portland, ME, and the protocols were approved by the institu-
tional review boards at each institution. Parent (s) provided writ-
ten consent for the study while children provided written assent.
Scans were obtained and analyzed at Yale University.

Participants

The PT cohort consisted of the 437 surviving PT patients enrolled
in the follow-up component of the “Multicenter Randomized
Indomethacin IVH Prevention Trial” (Ment et al. 1994a, 1994b). By
the age of 16, 223 PT participants either were lost to follow-up
(N = 100), were excluded from analysis if they had either peri-
natal evidence of intraventricular hemorrhage, low-pressure
ventriculomegaly or periventricular leukomalacia (N = 92),
or were excluded if they had incomplete testing on either
the ROCF, the Beery Developmental Test of Visual-Motor Inte-
gration (VMI), or the Grooved Pegboard Test (GPT) (N = 31).
From these participants, an additional 24 PTs who scored at
least 1.5 interquartile range below the first quartile or above
the third quartile on ROCF, VMI, or GPT were labeled as out-
liers and excluded from analysis. In total, 190 PT participants
were included in this study.

Term controls were enrolled at age 8 years; these partici-
pants were zip code matched to PT participants, and every
attempt was made to match participants on sex, race, and eth-
nicity. Of 102 term controls, 92 were analyzed after excluding 4
for missing data and 6 for outlier scores.

Finally, PT and term participants from the neurocognitive
cohort were sequentially recruited for the MRI study when they
reached 16 years of age. In total, 40 PT and 40 term participants
were included in the MRI study.

Neurocognitive Testing

The PT and term control participants underwent neurocognitive
testing with the ROCF (Rey 1941; Osterrieth 1944; Shin et al.
2006), a measure of visual-spatial skills and visual memory, the
VMI (Beery 1989), which assesses visual-motor integration, and
the GPT (Matthews and Klove 1964), which is used to evaluate
fine motor dexterity of fingers and wrists and allows for assess-
ment of fine motor function. For ROCF and VMI, higher scores
indicate better performance, while, for GPT, higher scores indi-
cate poorer performance (i.e., longer time to complete peg place-
ment task). Participants underwent evaluation with the
Wechsler Intelligence Scale for Children third edition (Wechsler
1991) (WISC-III), and themeasures of Full Scale IQ, Freedom from
Distractibility IQ, Verbal Scale IQ, and Performance IQ are
reported here.

Diffusion Tensor Imaging

Imaging was performed on a Siemens Sonata 1.5 T scanner. DTI
data were measured using a double spin echo Echo Planar
Imaging sequence with 32 directions, one b-value (1000 s/mm2)
in addition to b = 0, and one average with time echo = 87, time
repetition = 6200, 128Å~128 acquisition matrix, Bandwidth1630,
Flip Angle 90°, Field of View = 20Å~20 cm, with 40 slices, 3mm
thick, skip 0mm. BioImage Suite (Joshi et al. 2011) was used to
calculate fractional anisotropy (FA) values from the tensor data,
and the FA data were nonlinearly registered to the Johns
Hopkins University (JHU) white matter atlas (Mori et al. 2009) for
both groups of participants. Participant scans were masked
based on white matter tracts from the JHU atlas.

Statistical Methods

Of this, 2 × 2 contingency tables were used to assess signifi-
cance in categorical measures. Standard chi-squared statistics
were used to analyze categorical data for sample size greater
than 5; otherwise, P values were calculated using the Fisher Exact
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Test. Group differences in continuous-valued data such as neuro-
cognitive testing scores or FA values were assessed using t-tests.
Pearson correlations were employed to examine the relationships
between the ROCF, GPT, and VMI scores within the PT and term
groups. P values of < 0.05 were considered significant. Monte
Carlo simulations as implemented in AFNI (Cox 1996) were
used to correct for multiple comparisons for all imaging data.
False discovery rate (FDR) was used to correct for multiple
comparisons for non-imaging data. All analyses were performed
using MatLab (MATLAB and Statistics Toolbox Release 2015a,
The MathWorks, Inc.) for neurocognitive data, and BioImage
Suite for imaging data.

Mediator Model

We chose GPT scores as the mediating variable as the ROCF
and VMI examine more complex neuropsychological functions
that build on the simpler motor skills tested in the GPT. In the
mediation model established by Baron and Kenny (1986), Judd
and Kenny (1981) (see Fig. 1), the following criteria must be
met: 1) There must be a significant P value (P < 0.05) describing
the relationship between the independent variable (i.e., birth
group) and the outcome variable (i.e., ROCF score), represented
by path c; 2) There must be a significant P value (P < 0.05)
describing the relationship between the independent variable
and the potential mediating variable (i.e., GPT), represented by
path a; 3) The mediating variable must have a significant rela-
tionship (P < 0.05) to the outcome variable when the independ-
ent variable is controlled for, as represented by path b; and 4)
The P value associated with path c must be more significant
(i.e., lower in absolute value) than the P value associated with
path c’. Path c’ is the relationship of the independent variable
(birth group) to the outcome variable (ROCF score) while con-
trolling for the mediator. Moreover, if the P value associated

with the multiplied coefficient a × b (ab) is significant (P < 0.05)
then the mediation effect is significant. If there is a significant
mediation effect and the c’ coefficient P value is statistically sig-
nificant, then there is partial mediation; if c’ P > 0.05 then there
is complete mediation.

Meditation analyses were performed using the Multilevel
Mediation and Moderation (M3) Toolbox (Atlas et al. 2010) to
investigate the observed relations between birth group, GPT,
and ROCF scores. P values for the mediating effects were deter-
mined through nonparametric bootstrapping. In separate ana-
lyses, participant sex or WISC-III Freedom from Distractibility
IQ score were used as covariates in the mediator model to con-
trol for these parameters.

Results
Study Population

Table 1 shows the neonatal findings of the PT neurocognitive
testing and imaging cohorts. The PT neurocognitive testing cohort
was larger and included the imaging participants. These partici-
pants had an average gestational age of 28.1 ± 2.0 weeks and an
average birthweight of 976.8 ± 172 g. Similar to the neurocognitive
testing cohort, PT imaging participants had an average gesta-
tional age of 28.2 ± 2.0 weeks, with a mean birthweight of 990.7 ±
191 g. All participants with neonatal findings of brain injury in
addition to those with outlier scores on neurocognitive testing
were excluded from analysis and are not shown in the table.

Demographic data for the PT and term cohorts are presented in
Table 2. Among the neurocognitive cohort, there was no significant
difference between the PT and term groups in the number of
males, non-white status, or mother’s education less than high
school. PT participants exhibited significant lower full scale, verbal,
and performance IQ (P < 0.001) compared with term participants.
The PT and term imaging cohorts are representative of their

Figure 1. Performance on the GPT mediates group difference in visual-motor integration and visual memory. Significant pair wise associations were observed for birth

group, GPT, VMI, and ROCF scores (see paths a, b, and c, P < 0.01, for all). GPT was a significant mediator of group differences in VMI and ROCF scores (see path ab, P <

0.001 for all). Additionally, the direct effect of group differences in VMI and ROCF was reduced for all (path c’ < path c) when the indirection mediation path (path ab)

was included in the model.
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respective encompassing neurocognitive cohort (see Table 2).
Similar to the participants in the neurocognitive cohort, PT imaging
participants exhibited significant lower full scale, verbal, and per-
formance IQ (P = 0.03) comparedwith term imaging participants.

Group Differences in Neurocognitive Performance
(Total Sample)

Group means and standard deviations for selected neurocognitive
testing performed on the total PT and term neurocognitive testing
cohorts are shown in Table 3. PT participants significantly under-
performed term controls on all ROCF measures, including the
Copy score (P < 0.001), Immediate Recall score (P < 0.001), and
Delayed Recall score (P < 0.001). PT participants also scored signifi-
cantly poorer on the VMI (P < 0.01) and the GPT (P < 0.001). GPT
score was negatively correlated with all measures of ROCF and the
VMI (P < 0.001). Therefore, improved fine motor dexterity on the
GPT (lower score, meaning shorter time to task completion) corre-
lated with improved (higher) ROCF scores. Among term partici-
pants, GPT was not significantly correlated with ROCF scores but
did have a negative correlation with VMI score (P < 0.01).

GPT as Mediator of ROCF: GPT Mediates Group
Difference in ROCF Visual Memory Scores

Additionally, GPT scores significantly mediated the differences
between PT and term neurocognitive testing cohorts in ROCF Copy,
ROCF Immediate Recall, ROCF Delayed Recall and VMI (P < 0.01 for
all, see path ab in Fig. 1). GPT scorewas labeled a completemediator
for ROCF Copy, ROCF Immediate Recall, ROCF Delayed Recall and
VMI as the bivariate associations were no longer significant in the
mediator model. No significant effects of sex or WISC-III Freedom
from Distractibility IQ score on mediation analyses were observed
(see Supplementary Figs S2 and S3). When controlling for verbal IQ,
only group differences in ROCF Copy were still significantly
mediated by GPT scores and group differences in ROCF Delayed
Recall showed trend level significance (Supplementary Fig. S4).

Microstructural Differences Between Groups:
Whole-Brain Subtraction Analysis

Voxel-by-voxel whole-brain subtraction comparing FA values
between the PT and term participants in the imaging cohort is

Table 1 Preterm neonatal data

PT neurocognitive PT imaging P value

N 190 40 —

Birthweight, g, mean ± SD 976.8 ± 172 990.7 ± 191 0.67
Gestational age, weeks, mean ± SD 28.1 ± 2.0 28.2 ± 2.0 0.77
Bronchopulmonary dysplasia, N (%) 76 (40)a 10 (26)b 0.10
Necrotizing enterocolitis, N (%) 14 (7.4) 4 (10) 0.74
Any confirmed episode sepsis, N (%) 37 (20)c 10 (26)d 0.45
Retinopathy of prematurity (ROP) any grade, N (%) 70 (43)e 14 (50)f 0.47
ROP either eye, grade 2 or 3, N (%) 19 (12)e 2 (7.1)f 0.55
Received any morphine, N (%) 9 (4.7) 1 (2.5) 0.7
Received any postnatal steroids, N (%) 77 (41) 18 (45) 0.63
If received postnatal steroids, average number of days, mean ± SD 2.6g ± 2.9 2.05 ± 1.8 0.45

aData available for 189/190 subjects.
bData available for 39/40 subjects.
cData available for 183/190 subjects.
dData available for 39/40 subjects.
eData available for 164/190 subjects.
fData available for 28/40 subjects.
gData available for 76/77 subjects.

Table 2 Demographic data for study participants

Neurocognitive testing cohort Imaging cohort

Preterm
(N = 190)

Term
(N = 92)

P value Preterm
(N = 40)

Term
(N = 40)

P value

Male, N (%) 99 (52) 44 (48) 0.50 24 (60) 19 (48) 0.26
Age at scan, years, mean, ± SD — — — 16.3 ± 0.3 16.3 ± 0.3 0.98
Right-handed, N (%) 152 (80) 83 (90) 0.03 35 (87) 36 (90) 0.75
Non-white, N (%) 39 (21) 25 (27) 0.21 13 (33) 13 (33) 1.0
Maternal education less than high school, N (%) 17 (9)a 4 (4) 0.15 2 (5)b 2 (5) 1.0
Full scale IQ, mean ± SD 94.0 ± 14c 104 ± 15d <0.001 97.0 ± 12 104.0 ± 16b 0.03
Freedom from distractibility IQ, mean ± SD 94.0 ± 16c 101 ± 15d <0.001 95.2 ± 15 101.7 ± 14b 0.05
Verbal scale IQ, mean ± SD 94.8 ± 14c 103.6 ± 14d <0.001 98.4 ± 14 102.5 ± 15b 0.21
Performance scale IQ, mean ± SD 93.9 ± 14c 104.2 ± 16d <0.001 96.2 ± 13 105.1 ± 17b 0.01

aData available for 184/190 subjects.
bData available for 38/40 subjects.
cData available for 188/190 subjects.
dData available for 90/92 subjects.
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shown in Fig. 2A. PT participants exhibited significantly (P < 0.05,
corrected) higher FA when compared with term controls in 8
white matter tracts: bilateral posterior, mid-, and anterior corona
radiata and forceps minor. PT participants had (P < 0.05, corrected)
lower FA when compared with term controls in 3 tracts: left exter-
nal capsule, corpus body, and corpus splenium.

Voxel-Wise Correlational Analysis

PT participants showed a negative correlation (P < 0.05, corrected)
between FA of cerebellar white matter including the bilateral

middle cerebellar peduncles and GPT score (Fig. 2B), with higher
FA correlating to lower (improved) GPT score. PT participants
demonstrated a positive correlation (P < 0.05, corrected) between
VMI and left middle cerebellar peduncle FA (Fig. 2C) with higher
FA correlating with higher (improved) VMI score. PT participants
demonstrated a negative correlation (P < 0.05, corrected) between
FA of the right superior cerebellar peduncle and ROCF Copy score
(Fig. 2D), and ROCF Immediate Recall (Fig. 2E), with higher FA cor-
relating to lower (worse) ROCF score. To test the hypothesis that
there were hemispheric asymmetries, correlations between cogni-
tive scores and cerebellar FA in the right and left hemispheres

Table 3 Neurocognitive testing scores

Neurocognitive testing cohort Imaging cohort

Preterm
(N = 190)

Term
(N = 92)

P value
correcteda

Preterm
(N = 40)

Term
(N = 40)

P value
correcteda

ROCF copy, mean ± SD 31.7 ± 3.7 33.3 ± 2.9 <0.001 30.6 ± 4.2 33.5 ± 2.6 <0.001
ROCF immediate recall, mean ± SD 19.0 ± 7.7 22.4 ± 8.2 <0.001 18.8 ± 6.9 20.7 ± 7.9 0.26
ROCF delayed recall, mean ± SD 18.6 ± 7.7 22.3 ± 8.2 <0.001 17.2 ± 7.1 20.7 ± 8.3 0.06
GPT, mean ± SD 76.0 ± 14 64.7 ± 9.0 <0.001 78.1 ± 13 63.5 ± 7.8 <0.001
VMI, mean ± SD 78.3 ± 12 82.5 ± 12 <0.01 77.4 ± 13 84.7 ± 11 0.02

aCorrected for multiple comparisons using FDR.

Figure 2. Alterations in white matter for PT participants. (A) PT participants exhibited significantly (P < 0.05, corrected) altered FA in several white matter tracts.

Regions of significantly greater FA for the PT participants compared with terms include bilateral posterior, mid-, and anterior corona radiata and forceps minor

(shown in hot colors); regions of significantly reduced FA for the PT participants compared with terms include the left external capsule, corpus body, and corpus sple-

nium (shown in cool colors). (B) GPT scores, (C) VMI, (D) ROCF Copy, and (E) ROCF Immediate scores were significantly correlated (P < 0.05, corrected) with FA in the

cerebellum white matter for PT participants. Higher FA were associated with lower (improved) GPT scores, higher (improved) VMI scores, lower (worse) ROCF Copy,

and lower (worse) ROCF Immediate scores. Positive correlations between neurocognitive testing and FA are shown in hot colors; negative correlations between neuro-

cognitive testing and FA are shown in cool colors. No correlations in the cerebellum were observed for the term participants.
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were performed. (Table S1). These analyses show no significant
differences between the hemispheres (P > 0.69, for all). Finally,
voxel-wise analysis of term participants showed no significant
relationships between FA and GPT, ROCF, or VMI score.

Discussion
Using neuropsychological and diffusion-weighted imaging data in
PT adolescents with no evidence of neonatal brain injury, we
highlight the importance of fine motor dexterity in more complex
neuropsychological constructs and provide preliminary evidence
suggesting white matter in the cerebellum as a novel correlate of
these measures. Deficits in fine motor dexterity mediate the sig-
nificant disparities in visual memory scores between PT and term
participants at adolescence. Thus, deficits in simple fine motor
ability underlie the deficits seen in much more complex visual
memory tasks. Moreover, using whole-brain voxel-wise analysis,
we demonstrate significant relationships between visual motor,
visual memory, and fine motor skill and white matter coherence
of the cerebellar peduncles. Together, these results implicate fine
motor ability and cerebellar white matter contributions to visual
memory deficits in PT adolescents.

These neuropsychological data provide novel insights into a
previously observed deficit in PT performance on measures of
fine motor ability and visual-spatial integration (Taylor et al. 2004;
Van Braeckel et al. 2008; Williams et al. 2010; Butcher et al. 2012;
Husby et al. 2013; Molloy et al. 2014). We show that deficits in fine
motor ability mediate deficits in visual-motor integration or vis-
ual memory for PT participants, suggesting that the indirect path
(PT birth results in deficits in fine motor which, in turn, results in
deficits in visual-motor integration or visual memory) is a better
explanation than the direct path (PT birth results in deficits in vis-
ual-motor integration or visual memory). As such, fine motor
skills may represent a target for intervention that could lead to
improved performance in other, more complex domains. Further,
given the reported cerebellar correlates and rapid development
of the cerebellum in infants born prematurely (Volpe 2009;
Limperopoulos 2016; Stoodley and Limperopoulos 2016), interven-
tion during infancy when these circuits develop may be the most
impactful. However, we cannot make strong claims of causality
(i.e., fine motor deficits cause visual memory deficits) as medi-
ation does not imply causality unless both the independent vari-
able and the mediator are experimentally manipulated (Sobel
2008). Finally, the deficits we describe may represent the more
prevalent, mild sequelae of preterm birth that have significant
implications for the school performance of PT participants in aca-
demic disciplines requiring the use of visual memory and visual-
motor integration.

Despite no difference in FA values, our findings show an asso-
ciation between middle and superior cerebellar peduncle FA, vis-
ual memory, visual motor, and fine motor ability, providing
preliminary evidence that cerebellar white matter may underlie
visual memory in PT individuals. The cerebellar peduncles are
part of a complex motor network (Schmahmann and Pandya
1997) and, given that we observe motor abilities mediating higher
order cognitive measures in PT individuals, it is not surprising to
observe neuro-correlates of these measures in traditional motor
networks. As only PT participants showed these associations,
these cerebellar tracts may subserve alternate or “reserve” path-
ways that the PT participants employ. Likewise, our previous
functional connectivity results in PT participants at young adult-
hood also implicate the cerebellum as a potential mediator of
reserve pathways (Constable et al. 2013). Alternative explanations
include decreased power for between-group comparisons and

delays in maturation for PT participants. As these are hypothesis-
generating results, further replication study is needed.

Our data come in the midst of a shift in understanding of the
cerebellum’s role in brain function and behavior (Buckner Randy
2013). The cerebellum has conventionally been associated with
coordination of motor function, but more recently has been
implicated in language pathways (Constable et al. 2013; Shany
et al. 2016), cognition (Allin et al. 2001; Ravizza et al. 2006;
Rosenberg et al. 2016; Shany et al. 2016), and spatial processing
(Stoodley 2012). For the first time, our results show that the cere-
bellum may also play a role in visual memory, if only in a specific
clinical population. However, the fact that our PT participants
showed no evidence of neonatal brain injury may increase the
generalizability of our findings to other populations or neurode-
velopmental measures.

The combination of neuropsychological and imaging data
provides a unique framework with which to explore deficits in
the so-called “healthy” PT participants. While several studies
show deficits in PT or very low birthweight adolescents and
young adults compared with terms in gross and fine motor dex-
terity (Husby et al. 2013), cognition (Allin et al. 2008; Breeman
et al. 2015), and visual memory, with delayed visual memory
being especially problematic (Molloy et al. 2014), others demon-
strate that cerebellar injury adversely affects neurodevelopmen-
tal outcomes in this population (Limperopoulos et al. 2014;
Brossard-Racine et al. 2015). A single study addresses white
matter microstructure of the cerebellar peduncles and outcome
in the prematurely born (Shany et al. 2016). While other studies
establish the presence of impairment in PT adolescents, this
study is able to parse the contribution of possible neonatal brain
injury to these deficits by including only PT with no evidence of
brain injury. Finally, emerging studies suggest that other neo-
natal health and treatment factors in addition to brain injury
are also associated with alterations in cerebellum volume and
visual-motor outcomes (Ranger et al. 2015; Zwicker et al. 2016).

The strengths of this study include a PT cohort with exten-
sive neonatal radiographic testing showing no evidence of
neonatal brain injuries commonly found in PT populations.
However, this population represents only a subset of the PT
cohort, and thus findings may not be representative of PT out-
comes as a more general demographic category.

Nevertheless, this study has several limitations. As we did
not collect neuropsychological measures of visual processing or
perception, we could not model VMI and ROCF as a function of
visual skill as we did with fine motor skills. However, there
were no differences between study groups in visual acuity or
percent wearing corrective lens, suggesting that basic vision
problems did not contribute to our findings. Moreover, emer-
ging evidence suggest that neonatal factors are associated with
reduced cerebellar volume at age 7 years (Ranger et al. 2015).
Comparable in-depth data from the neonatal period are not
available for this cohort. Therefore, it is important to note that
what this study describes as the broad category of “preterm
birth” is in fact a constellation of many specific perinatal fac-
tors that may individually or cumulatively work to alter cere-
bellar microstructure. Finally, although we did not find a single
unifying model including group status, FA, and neurocognitive
scores, these data demonstrate several important associations
between fine motor ability, visual memory, and cerebellar FA in
PT participants.

The increasing survival of prematurely born neonates
demands improved neurodevelopmental interventions for this
vulnerable population, and it is critical to have assessment
tools that provide meaningful insights on subtle deficits. In this
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study, the differential scores seen in ROCF and VMI between PT
and term adolescents are mediated by group differences in fine
motor ability, and preliminary data suggest brain correlates in
the cerebellar white matter. As diminished academic perform-
ance may be linked to poor visual-spatial awareness and
visual-spatial integration (Carlson et al. 2013), these findings
pave the way for intervention studies. Novel strategies to
improve fine motor skills in the prematurely born may help PT
adolescents to reach their full academic potential.
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Supplementary material are available at Cerebral Cortex online.
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