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Abstract

Background—Altered brain connectivity is implicated in the development and clinical burden of 

schizophrenia. Relative to matched controls, schizophrenia patients show (1) a global and regional 

reduction in the integrity of the brain’s white matter (WM), assessed using diffusion tensor 

imaging (DTI) fractional anisotropy (FA), and (2) accelerated age-related decline in FA values. In 

the largest mega-analysis to date, we tested if differences in the trajectories of WM tract 

development influenced patient-control differences in FA. We also assessed if specific tracts 

showed exacerbated decline with aging.

Methods—Three cohorts of schizophrenia patients (total n=177) and controls (total n=249; 

age=18–61 years) were ascertained with three 3T Siemens MRI scanners. Whole-brain and 

regional FA values were extracted using ENIGMA-DTI protocols. Statistics were evaluated using 

mega- and meta-analyses to detect effects of diagnosis and age-by-diagnosis interactions.
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Results—In mega-analysis of whole-brain averaged FA, schizophrenia patients had lower FA 

(p=10−11) and faster age-related decline in FA (p=0.02) compared to controls. Tract-specific 

heterochronicity measures, i.e., abnormal rates of adolescent maturation and aging explained 

~50% of the regional variance effects of diagnosis and age-by-diagnosis interaction in patients. 

Interactive, 3D visualization of the results is available at www.enigma-viewer.org.

Conclusion—WM tracts that mature later in life appeared more sensitive to the pathophysiology 

of schizophrenia and were more susceptible to faster age-related decline in FA values.

Introduction

The genetic and environmental risk factors for schizophrenia may disproportionately affect 

brain areas with prolonged maturation, while sparing brain areas that develop soon after 

birth (Kochunov and Hong 2014). Cerebral white matter (WM) may especially be at risk of 

abnormal development, as many fiber tracts continue to develop into mid-adulthood, well 

past the average age of onset of schizophrenia (Flechsig 1901; Kochunov and Hong 2014; 

Yakovlev and Lecours 1967). The development of WM tracts is “heterochronic”: difference 

in timing of development and senescence among white matter regions. For example, motor 

and sensory white matter bundles become fully myelinated soon after birth (Gao, et al. 2009; 

Yakovlev and Lecours 1967) while multimodal associative fibers continue to develop into 

the 4th decade of life (Figure 1) (Bartzokis 2004; Bartzokis, et al. 2010; Flechsig 1901; 

Kochunov, et al. 2010a; Kochunov, et al. 2011a; Yakovlev and Lecours 1967). Age-related 

decline shows a reverse trend: multimodal associative fibers decline rapidly with age despite 

reaching peak myelination later in life (Bartzokis 2004; Bartzokis, et al. 2003; Flechsig 

1901; Yakovlev and Lecours 1967). We hypothesized that WM areas that develop past the 

age of onset of schizophrenia and into adulthood will show larger patient-control differences 

as development past the age of onset will make them more vulnerable to schizophrenia risk 

factors and the disease itself. Second, we hypothesized that age-related decline would be 

accelerated in WM areas that develop later in life. The second hypothesis is based on the 

findings that later myelinated areas such as frontal WM are more vulnerable to chronic age-

related illnesses such as hypertension, heart disorders and neurodegenerative disorders 

(Bartzokis 2004; Bartzokis, et al. 2003; Kochunov, et al. 2010b; Kochunov, et al. 2011b). 

Schizophrenia may increase individual risks for accelerated aging(Ito and Barnes 2009; 

Jeste, et al. 2011; Kirkpatrick, et al. 2008) due to increased rate of diseases commonly 

associated with aging including cardiovascular disease, type-2-diabetes and other 

(Hennekens, et al. 2005). Schizophrenia patients have increased mortality rate and shorter 

(by as much as twenty years) average lifespan even after accounting for suicide (Brown 

1997; Kirkpatrick, et al. 2008; Saha, et al. 2007; Tsuang and Woolson 1978). We tested 

these hypotheses by mapping patient-control differences and accelerated WM aging in 

patients using diffusion tensor imaging (DTI) fractional anisotropy (FA) values. We 

measured patient-control DTI-FA differences and related them to previously published 

normative rates of cross-sectional regional DTI-FA maturation and decline calculated from a 

large group (N=831) of healthy individuals ages ranged from 11 to 90 that had no overlap 

with the present sample (Kochunov, et al. 2011a) (Table 1, Figure S1, see supplement).
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WM integrity’s rise during development is followed by a peak and age-related decline. WM 

development and aging trends are regionally heterochronic and some development continues 

into the 4th decade (Flechsig 1901; Kochunov, et al. 2012b; Yakovlev and Lecours 1967) 

(Figure 1) (Ben Bashat, et al. 2005; Flechsig 1901; Gao, et al. 2009; Kochunov, et al. 2011a; 

Kochunov, et al. 2012b). These regional differences in timing of development and aging in 

healthy populations have been mapped non-invasively using DTI-FA values (Hasan, et al. 

2009a; Hasan, et al. 2009b; Kochunov, et al. 2012b). FA describes the directional selectivity 

of the random diffusion of water molecules (Basser 1994; Conturo, et al. 1996; Pierpaoli and 

Basser 1996; Ulug, et al. 1995). Higher FA values are observed in heavily myelinated WM 

tracts (Pierpaoli and Basser 1996), but absolute WM FA values are sensitive to myelination 

levels, the degree of intra-voxel fiber crossing, axonal density and average axonal diameter 

(Beaulieu 2002; Jones, et al. 2013). Changes in regional FA values during normal 

maturation, aging and brain disorders are often attributed changes in myelination (Budde, et 

al. 2007; Madler, et al. 2008; Song, et al. 2003; Song, et al. 2005). Nonetheless, the DTI-FA 

is neither a direct measurement of myelination nor of white matter integrity (Jones, et al. 

2013). Instead, FA is a convenient index sensitive to the anisotropy of the water diffusion, 

created by intra-axonal flow and the barriers of cellular membranes, especially the myelin 

layer of the axonal cell membranes (Pierpaoli and Basser 1996).

Reduced fractional anisotropy (FA) emerged as a highly consistent finding in schizophrenia 

(Alba-Ferrara and de Erausquin 2013; Ellison-Wright and Bullmore 2009; Friedman, et al. 

2008; Glahn, et al. 2013; Kubicki, et al. 2007; Nazeri, et al. 2012; Perez-Iglesias, et al. 2011; 

Phillips, et al. 2012; Wright, et al. 2015). Additional evidence to support our hypothesis 

includes reports that findings of lower FA values are more commonly observed in 

multimodal WM areas such as the frontal WM including the genu of corpus callosum versus 

motor and sensory areas (Ellison-Wright and Bullmore 2009; Friedman, et al. 2008; 

Kubicki, et al. 2007; Nazeri, et al. 2012; Perez-Iglesias, et al. 2011), even in young and 

unmedicated patients (Bloemen, et al. 2010; Carletti, et al. 2012; Karlsgodt, et al. 2009). 

Likewise there is evidence for accelerated decline in FA values in patients in multimodal 

WM areas including associative fibers in the corpus callosum (Friedman, et al. 2008; 

Kochunov, et al. 2014a; Kochunov, et al. 2012a; Mori, et al. 2007), a finding not observed in 

major depression (Kochunov, et al. 2012a). A challenge for testing this hypothesis is the 

need for a large sample to calculate the pattern of schizophrenia-related regional differences 

in FA, making it necessary to combine imaging data collected on multiple scanners. We used 

a mega-analysis approach developed by the ENIGMA-DTI workgroup (Jahanshad, et al. 

2013b) to pool data from three independent cohorts. Besides the differences in imaging 

scanners, the overall ascertainment, clinical assessments, and control group recruitment used 

the same clinical methods across the three cohorts.

The mega-analysis developed by the ENIGMA-DTI working group uses data 

homogenization to create a single aggregated population by combining data across all 

cohorts. We previously used it to aggregate data across multiple cohorts (van Erp, et al. 

2015); the mega-analytic estimates of brain differences were able to independently predict 

findings in later studies (Kochunov, et al. 2015a; Kochunov, et al. 2015b). We performed 

traditional meta-analysis by aggregating statistics from each separate cohort, which may be 

viewed as a more conservative approach. For each hypothesis test, we compared the 
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performance of the mega-analysis to that of the meta-analysis. We tested whether findings 

were consistent across three cohorts analyzed independently.

Methods

Subjects

We tested the study’s hypotheses in three cohorts of subjects. All data were acquired at the 

Maryland Psychiatric Research Center (MPRC) over the last decade (2004–2015), each with 

its own healthy control group. The cohorts reflect the evolution of the imaging technology 

(cohort A is the most recent; cohort C was the first collected). No subject was included in 

more than one of the three cohorts. If a participant was initially in more than one cohort, 

only the latest scan was used. Uniform clinical assessment and exclusion criteria were 

equivalent across the three cohorts. Informed written consents, approved by the local 

Internal Review Boards, were obtained from all participants.

All participants were 18 to 61 years old, with no current or past neurological conditions or 

major medical conditions. Patient participants were diagnosed with either schizophrenia or 

schizoaffective disorder as determined by the Structured Clinical Interview for DSM-IV or 

IV-TR (SCID). Controls had no past or present Axis I psychiatric disorder as determined 

with the SCID. Participants were excluded if they had DSM-IV substance abuse in the last 3 

months (except nicotine) or substance dependence within the past 6 months. Other exclusion 

criteria included diagnosis with uncontrolled hypertension, type 2 diabetes, heart disorders, 

or a major neurological event such as stroke or transient ischemic attack. All patients 

undergone a uniform psychiatric interview that included Brief Psychiatric Rating Scale 

(BPRS) assessment of clinical symptoms. Only current medication dose was recorded. The 

current medication use was converted to chlorpromazine equivalence. The data analyzed by 

this manuscript was collected under three research protocols. Here, we presented only the 

data that was available for all subjects across the protocols.

Cohort A

Subjects: This cohort included 205 participants (105/101 males/females, average 

age=35.3±13.6 years, range=18–61) (Table 2). Among them were 65 patients diagnosed 

with schizophrenia (44/21 males/females, age=34.6±13.7 years) and 140 healthy controls 

(61/79 males/females, age 35.6±13.8 years). Additional clinical and epidemiological 

information is provided in Table 2.

Diffusion tensor MR imaging: Imaging data was collected using a Siemens 3T TRIO MRI 

(Erlangen, Germany), running VB17 software and equipped with a 32-channel RF head coil. 

DTI data was collected using a spin-echo, EPI sequence with a spatial resolution of 

1.7×1.7×3.0 mm. The sequence parameters were: TE/TR=87/8000 ms, FOV=200 mm, axial 

slice orientation with 50 slices and no gaps, 64 isotropically distributed diffusion weighted 

directions, two diffusion weighting values (b=0 and 700 s/mm2) and five b=0 images. 

Subjects’ head movement was minimized with restraining padding.
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Cohort B

Subjects: Cohort B included a total of 113 (61/52 males/females, average age=38.5±11.3 

years, range=18–61) individuals (Table 2). Among them 49 (33/16 males/females, 

age=35.3±9.5 years) were patients and 64 (27/37 males/females, age 40.3.0±11.9 years) 

were healthy controls (Table 2). Additional clinical and epidemiological information is 

provided in Table 2.

Diffusion tensor MR imaging: Imaging data was collected using a Siemens 3T TRIO MRI 

(Erlangen, Germany), running VB13 software and equipped with a 12-channel RF head coil. 

DTI data was collected using a spin-echo, EPI sequence with a spatial resolution of 

1.8×1.8×3.0 mm. Sequence parameters were: TE/TR=92/6700 ms, FOV=210 mm, axial 

slice orientation with 49 slices and no gaps, 30 isotropically distributed diffusion weighted 

directions, two diffusion weighting values (b=0 and 1000 s/mm2) and three b=0 values. 

Head movement was minimized with restraining padding.

Cohort C

Subjects: Cohort C included a total of 108 individuals (77/31 males/females, average 

age=38.3±13.0 years, range=18–61; Table 2). Among them were 63 patients (50/13 males/

females, age=37.7±12.5 years), and 45 (27/18 males/females, age 39.1±13.8 years) were 

healthy controls (Table 2). Controls were recruited through media advertisements. 

Additional clinical and epidemiological information is provided in Table 2.

Diffusion tensor MR imaging: Imaging data was collected using a Siemens 3T Allegra 

MRI (Erlangen, Germany) running VA19 software and using a spin-echo, EPI sequence with 

a spatial resolution of 1.7×1.7×4.0 mm. The sequence parameters were: TE/TR=87/5000 ms, 

FOV=200 mm, axial slice orientation with 35 slices and no gaps, twelve isotropically 

distributed diffusion weighted directions, and two diffusion weighting values (b=0 and 1000 

s/mm2). The entire protocol was repeated five times to improve signal-to-noise ratio. Head 

movement was minimized with restraining padding and an individually fitted bite-bar. DTI 

data from this cohort has been used in a prior study of accelerated aging (Kochunov, et al. 

2012a). We re-examined the mega-analysis results with and without this cohort and global 

and regional age-by-diagnosis interactions remained consistent.

Image processing

DTI data for all three cohorts was processed using the ENIGMA-DTI analysis pipeline 

(http://enigma.ini.usc.edu/ongoing/dti-working-group/), which includes quality control and 

assurance QC/QA steps (Jahanshad, et al. 2013b). Briefly, the DTI data were corrected for 

motion and eddy current distortions using the eddy correction tool distributed as a part of 

FMRIB Software Library (FSL) package (Smith, et al. 2006). FA maps were generated by 

voxel-wise fitting of the local diffusion tensor. Next, individual FA maps were warped to an 

ENIGMA-DTI template and projected onto the ENIGMA-DTI skeleton that represents the 

middle of the tract of major white matter structures. ENIGMA-DTI per-tract average values 

were calculated by averaging values along tract regions of interest in both hemispheres. 

Overall average FA values were calculated by averaging values for the entire white matter 

skeleton, including the tract regions of interest and also more peripheral white matter. DTI 
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data is sensitive to artifacts brought about by subject’s motion(Yendiki, et al. 2014). All data 

included in the analysis passed the ENIGMA-DTI QA/QC. The QA/QC steps included: 

visual inspection of raw and FA images, followed by calculating the average subject motion 

per frame and the average projection distance onto the skeleton. Seven individual datasets, 

four from cohort A and three from cohort B, were removed from the analysis. Four datasets 

(two each from cohorts A and B) were removed as they exceeded the recommended 

threshold of 2.5 mm for the average motion per DTI frame (Acheson et al., In Review). 

There was no significant difference in the head motion between patient and controls in each 

cohort (p=0.6, 0.4 and 0.7 for cohorts A, B and C). Three data sets, from cohort B, were 

removed due to poor spatial normalization quality, with an average projection distance > 

3.7mm (Acheson et al., In Review). There was no significant difference in the projection 

distance patient and controls in each sample (all p>0.5).

Statistical analyses

The two hypotheses were tested first using the mega and then using meta-statistical analyses. 

The first set of analyses quantified patient-control differences in FA values across different 

WM areas. The second set of analyses examined age-related decline in FA values. In both 

analyses, the patient-control differences and the age-related declines were compared to the 

normal rate of FA changes in different WM areas. The mega-analysis normalizes data from 

each cohort to remove scanner-and-cohort related biases in FA values (Table S1, see 

supplement) and then pools all the data together (Kochunov, et al. 2014c). We used the 

mega-analysis, developed by ENIGMA-DTI workgroup (Jahanshad, et al. 2013a; Kochunov, 

et al. 2014c) and implemented in the SOLAR-Eclipse software (http://www.nitrc.org/

projects/se_linux). A classical meta-analysis was performed as a validation to demonstrate 

agreement between mega- and meta-analytical approaches of pooling data. We also repeated 

analyses in the three cohorts separately to examine if large biases arose from any particular 

cohort.

The significance of regional findings was corrected for multiple (N=12) comparisons using 

Bonferroni correction. Findings with 0.0042<p≤0.05 were deemed suggestively significant.

All significance testing was performed assuming two-tailed distribution. The significance of 

regional findings was corrected for multiple (N=12) comparisons using Bonferroni 

correction. Findings with 0.0042<p≤0.05 were deemed suggestively significant.

Patient-control FA differences

Mega-Analysis: The ENIGMA-DTI mega-analysis algorithm was used to combine the data 

into a single population following regression of nuisance covariates and data 

homogenization (Kochunov, et al. 2014c) (Figure S2, see supplement). The ENIGMA-DTI 

mega-analysis uses two normalization steps: regression of covariates, per cohort, followed 

by the per-cohort inverse Gaussian normalization of data (Figure S2-II, see supplement). 

This produced the mega-analytic sample for testing the model described in Equation 1:

(Eq 1)
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where age, sex, age2, age×sex, age2xsex were treated as cohort-specific covariates.

An example of this analysis is shown in Figure 2. The average FA values follow a nonlinear 

trend with age. Mega-analysis removes the quadratic age effects and thus producing linear 

patient-control differences in the aging trend (Figure 2). The linear DX x Age model (Eq1) 

may not account for non-linear aging differences between patients and controls. Therefore, 

we repeated DX x Age analyses in subjects older than the age-of-peak for the respective 

track. This analysis had different number of subjects for each track. This approach captures 

the mostly linear down-slope of the aging-related decline to re-assess the Dx x age effect. 

The goal of this ad-hoc analysis was to study consistency between βDX×Age coefficients 

obtained using this approach and these obtained using the full sample.

Individual Cohort Analyses: The DX and DX×Age modeling in individual cohorts was 

also performed as a part of the meta analyses in each cohort independently (Figure S2-II, 

bottom panel)

(Eq 2)

The results were then used for the meta-analytical calculation of the overall effect (Figure 

S2-II, bottom panel). The cohort-specific modeling was performed using the R software 

using the lm function and maximum likelihood algorithm (R-Development-Core-Team 

2009).

Meta-Analysis: The significance of the βDX for each individual cohort was converted to Z-

score statistics (Figure S2-II, bottom panel). The meta-analytical significance was calculated 

from the ZMeta values obtained using the square-root of N-weighted Stouffer method 

(Stouffer 1949), (Equation 3):

(3)

where Zi and Ni are the z-value and sample size for cohort “i”. The Stouffer meta-analysis 

method assigns greater weight to larger cohorts. It is reduced to the arithmetic mean of Z-

values per cohort when the sample sizes are all equal.

Effects of symptom-severity, medication dosage and smoking on FA values—
Post-hoc exploratory analyses were performed within the patients only to estimate effects of 

symptom severity and medication dose in the mega-analytic sample and for each cohort 

separately. Symptom severity was expressed as BPRS scores (coefficient βBPRS), and 

medication dose at the time of the imaging expressed as milligram chlorpromazine 

equivalents calculated using the method described elsewhere(van Erp, et al. 2015) (CPZ; 
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coefficient βCPZ). Models included nuisance effects as above. The statistical effects of 

smoking on FA values were analyzed in the mega-sample population and each cohort 

separately with a binary variable (SMK) 1 for smoker, 0 for non-smoker, including nuisance 

effects mentioned above.

Results

Effect of diagnosis on the global and regional FA values

Significant βDX was observed during mega-analytic modeling of the effect of diagnosis on 

average FA (p=1.3×10−13), as well as in all three cohorts analyzed separately. The meta-

analysis results showed similar significance (p=1.1×10−11) (Table 3). Interactive, 3D 

visualization of the results is available at www.enigma-viewer.org.

Regional mega-analytic βDX coefficients were significantly correlated with both the rate of 

normal FA development (r=0.83, R2=68.4%, p=0.001) and the rate of normal FA decline (r= 

0.76, R2=58.0%), p=0.005), the correlation with age of peak for FA values was positive but 

not statistically significant (r=0.35, p=0.2) (Figure 2).

Effect of age-by-diagnoses interaction on the global and regional FA values

The mega-analysis showed a significant age-by-diagnoses interaction for global FA 

(p=0.02), which suggested accelerated decline in FA values in patients compared with 

controls (Table 4). Meta-analysis showed a similar result (p=0.04). Similar trends in 

βAge*DX effects were observed in all three cohorts separately (marginally significant in 

cohorts A and C (p= 0.04 for average FA) but not in cohort B (p=0.3) (Figure 3, Table 4). 

Significant (after correcting for multiple comparisons) mega-analytic βAge×DX coefficients 

were observed for the genu and body of corpus callosum and corona radiata tract. No 

significant mega-analytic age-by-diagnosis interactions were observed for the following 

areas: internal capsule, superior longitudinal fasciculus, posterior thalamic radiation, and 

inferior and superior longitudinal fasciculi (Table 4). The regional contrast between the 

mega-analytical age-by-diagnoses trends are shown for genu of corpus callosum and 

posterior thalamic radiation (Figure S3). Following the removal of age and age2 covariates, 

the normal controls and patients show diverging trends with age.

Regional mega-analytic βAge×DX coefficients, were significantly correlated with both the 

rate of normal FA development and the rate of normal FA decline (r=0.69, R2=49.0% and 

0.80, R2=64.0% p<0.05, respectively) in WM regions. The correlation with age of peak for 

FA values was positive but not statistically significant (r=0.46, p=.09) (Figure 3, bottom 
row).

The regional mega-analytic βAge×DX coefficients recalculated in subjects older than the age-

of-peak for respective tracts were highly correlated with the βAge×DX coefficients obtained 

the full sample (r=0.84, p=0.0006) (Table S2, Figure S4, see supplement). However, the 

overall significance of the age-by-diagnosis interaction was reduced due to smaller number 

of subjects e.g. less than half of the subjects (N=229) were older than age-of-peak of 34 

years for the genu of corpus callosum (Table S4, see supplement). The mega-analytic 

estimates of accelerated aging calculated past the age-of-peak for each area were 
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significantly correlated with the rates of normal development (r=0.70, R2=0.49 p=0.015) and 

decline (r=0.69, R2=0.48, p=0.016) and the age of peak (r=0.73, R2=0.53, p=0.01) (Figure 

S5, see supplement)

Effects of symptom-severity, age-of-onset, disorder duration, medication dosage and 
smoking on FA values

We detected no significant effects of symptom severity, expressed as BPRS scores, on the 

FA values in patients for any of the three cohorts. There were no significant effects of age-

of-onset and disorder duration on FA values following the regression of linear and quadratic 

effects of the age. There were no significant effects of medication dosage on the patients’ FA 

values at the time of imaging (Table S3). Likewise, no significant effect of smoking was 

detected.

Comparisons between regional mega- vs. meta-analytic estimates

We performed a linear regression analysis to statistically compare effect sizes calculated 

using mega-analytic data pooling to that of the classical meta-analytic approach. Calculated 

effect sizes for diagnosis and age-by-diagnosis interaction were in excellent agreement 

(r>0.96) with mega-analytic estimates showing slightly (~5%) improved significance (lower 

p-values).

We repeated the mega-analysis of patient-control differences and aging trends by excluding 

subjects from cohort C who had been analyzed in our previous work to show accelerated 

aging in schizophrenia patients (Kochunov, et al. 2012a). Mega-analytic estimates for 

cohorts A and B showed excellent agreement (r>0.9) with the mega-analytic estimates in all 

three cohorts (Figure S6, see supplement), suggesting that the patient-control and 

accelerated aging trends were in good agreement among cohorts.

Discussion

In this largest schizophrenia DTI analysis to date, we observed regional variations in the 

level of patient-control FA deficits and accelerated decline of FA values in cerebral white 

matter (WM) with age in patients. These effects may results from the heterochronicity – or 

differential timing – of normal maturation and aging of cerebral WM. FA deficits in patients 

are more typically reported in WM tracts associated with higher cognitive function rather 

than in those that carry primary motor and sensory information (Lagopoulos, et al. 2013; 

Voineskos, et al. 2010; Wheeler and Voineskos 2014). This pattern was robustly (r2~0.5) 

explained by known differences in the normal FA development rates across WM tracts. The 

direction of association indicates that the WM tracts that continued development to 

adulthood beyond the typical age of onset of schizophrenia had more prominent patient-

control differences. Tracts with accelerated age-related decline in patients were also those 

that normally have steeper age-related decline. These tracts have prolonged maturation that 

goes beyond the typical age of onset of schizophrenia. The prolonged development of these 

tracts may expose them to the genetic and environmental risk factors for schizophrenia. 

These same risk factors may further contribute to their accelerated decline with age.
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We found robust differences in average and regional FA values in schizophrenia patients, 

consistent with prior reports of patients with this disorder (Agartz, et al. 2001; Buchsbaum, 

et al. 2003; Kanaan, et al. 2009; Lagopoulos, et al. 2013; Whitford, et al. 2010), including 

unmedicated first-episode patients (Karlsgodt, et al. 2009; Reis Marques, et al. 2013) and 

adolescents at risk for psychosis (Karlsgodt, et al. 2012; Peters and Karlsgodt 2015). 

Findings of regional patient-control differences suggest that associative WM areas serving 

higher cognitive functioning, such as the genu of the corpus callosum that connects the left 

and right frontal lobes, show more consistent and greater deficits than motor and sensory 

tracts such the fibers in the external and internal capsule (Agartz, et al. 2001; Buchsbaum, et 

al. 2003; Whitford, et al. 2010). These associative WM fibers contain thinly myelinated 

multimodal fibers and typically have a prolonged maturation course followed by a steeper 

decline with age, known since the classical work of Flechsig (Flechsig 1901). The prolonged 

development of associative WM tracks may expose these areas to the primary or secondary 

risk factors of schizophrenia and make them susceptible to the schizophrenia pathology.

The relationship between heterochronicity and schizophrenia is likely to be the consequence 

of genetic risk factors for schizophrenia. For instance, a genotype-by-age interaction that 

affects axonal integrity, glial cell density and cellular aging may promote the development of 

schizophrenia and drive the relationship between diagnosis and FA deficits. One example is 

the genetic variations in the TP53 gene that alter oligodendrocyte development and aging 

mechanisms (Molina, et al. 2011); this is already among the candidate genes for 

schizophrenia (Lung, et al. 2009; Ni, et al. 2005). Variations in this gene have been 

associated with deficits in FA values and reduced concentration of neurochemicals indexing 

glial and axonal health such as N-acetylaspartate in frontal WM (Molina, et al. 2011), and at 

the same time they are associated with increases in the risk for schizophrenia.

The evidence for accelerated decline in FA values with age in schizophrenia patients is 

consistently reported (Friedman, et al. 2008; Knochel, et al. 2012; Kochunov, et al. 2012a; 

Mori, et al. 2007; Wright, et al. 2014; Wright, et al. 2015). The findings of no accelerated 

aging are also reported but these studies were performed in smaller cohorts (N=20–50) 

where age-by-diagnosis interaction analysis is challenged by low statistical power (Jones, et 

al. 2006; Voineskos, et al. 2010) The accelerated aging of cerebral WM may also lead to 

decline in connectivity in the functional networks that support higher cognition (Sheffield, et 

al. 2015). We previously found that the onset of the accelerated decline in FA values in 

schizophrenia was correlated (r2=0.36) with rates of the normal age-related decline in a 

smaller sample (Kochunov, et al. 2012a). Here, around 40–50% of the variance across the 

different WM fiber tracts was explained by rates of normal decline and maturation, 

extending the initial report to this much larger sample.

The finding of a positive correlation between the effect size of patient-control differences 

and the rate of FA development may appear counterintuitive as tracts that reach maturation 

earlier in life are expected to have faster rates of maturation. We used the rate of FA 

development reported from measurements in a large, cross-sectional sample of subjects aged 

11–90 years (Kochunov, et al. 2012b). Here, WM tracts that reach peak FA values early in 

life will have lower rates of increasing FA during the measurement period, while those tracts 

that reach maturation in the 3rd and 4th decades may still undergo increased rates of change 
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(Figure 1). This may have led to a positive correlation between rate of FA development and 

the age of peak FA (Kochunov, et al. 2012b). Therefore, the regional variability in FA 

development is clearly an important empirical metric, but caution is needed in interpreting 

these trends.

The origin of the heterochronicity of WM development is not fully understood but is likely 

to be caused by regional differences in the rates of generating functionally mature 

oligodendrocytes and establishment of inter-neuronal communication that lead to 

myelination of active circuits (Gibson, et al. 2014). Microscopy studies showed that 

oligodendrocytes that myelinate the associative tracts connecting multimodal areas are 

morphologically distinct from those that myelinate primary motor and sensory tracts 

(Lamantia and Rakic 1990; Pfefferbaum, et al. 2000; Sullivan, et al. 2001; Wood P. and 

Bunger RP. 1984). The oligodendrocytes of the associative WM tracts also have slower rates 

of myelin repair (Hof, et al. 1990; Wakana, et al. 2004). Their myelination starts with a 

transient ensheathment of a large number of axons but only those axons that experience 

frequent electrical stimulation will remain myelinated (Hines, et al. 2015). Furthermore, 

engagement in higher cognitive and social functions requires sufficient myelination of 

associative WM tracts, but not for the tracts that serve the motor and sensory functions (Liu, 

et al. 2012; Makinodan, et al. 2012). Therefore, the prolonged development of multimodal 

associative fibers may stem from the need to support higher cognitive and social functions 

that emerge in adolescence and develop through middle adulthood, functions that are 

compromised in schizophrenia.

At present, DTI is the most commonly used neuroimaging technique to study diffusion 

properties of the brain. DTI is one of many diffusion weighted imaging (DWI) approaches 

and DTI-FA is a mathematic concepts derived for convenience rather than for biological 

interpretations(Basser and Pierpaoli 1996). Reduced FA values are commonly interpreted as 

an indexing reduced myelination, axonal damage or increased degree of intravoxel crossing 

based on findings in animal models and neurodegenerative disorder (Beaulieu 2002; Jones, 

et al. 2013; Song, et al. 2003; Song, et al. 2005). Reduced FA values in schizophrenia may 

be caused by several, complex factors. Advance DWI approaches such as diffusion kurtosis 

imaging (DKI) and multi-compartmental diffusion signal modeling have been used to clarify 

the neurobiology of FA differences in schizophrenia (Jensen and Helpern 2010; Kochunov, 

et al. 2014b; Zhu, et al. 2014) including the direct comparisons in a region with essentially 

no major crossing fiber architecture (sagittal band of corpus callosum)(Kochunov, et al. 

2013; Kochunov, et al. 2014b; Zhu, et al. 2014). Reduced FA values in schizophrenia 

patients were associated with the rise in the free water component, reduction in 

permeability-diffusivity index and higher diffusion kurtosis values (Kochunov, et al. 2013; 

Zhu, et al. 2014). The findings were interpreted as potentially reduced myelin level or 

abnormalities in trans-membrane ion channels. This is consistent with reports of reduced 

axonal myelin levels and glial cells density by postmortem brain studies (Tkachev, et al. 

2003; Uranova, et al. 2001; Uranova, et al. 2011; Uranova, et al. 2004) and findings from 

cellular neurobiology and genetic discovery studies (Blasius, et al. 2011; Freedman, et al. 

2000; Huffaker, et al. 2009; Meyer, et al. 2001; Smolin, et al. 2011; Smoller, et al. 2013). 

Further analyses are needed to clarify the biological factors that underwrite the findings of 

reduced FA values in this disorder.
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Our analyses took advantage of the novel ENIGMA-DTI mega-analytic data 

homogenization approach. Mega-analytic estimates of the effect of diagnosis on the regional 

FA values were in excellent (r>0.95) agreement with the classic meta-analytic estimates. 

Both mega-and-meta analytic estimates also showed good agreement with regional results 

derived from the individual cohorts (r=0.94, 0.84 and 0.71, for cohorts A, B and C, 

respective).

A potential limitation of this work is that the rates of the maturation and decline for different 

WM areas were derived based on cross-sectional rather than longitudinal 

measurements(Kochunov, et al. 2012b). We cannot rule out effects from chronic 

antipsychotic exposure in SCZ cohorts. The mega-analytic testing of anti-psychotic 

medication effects, as calculated by the correlation of CPZ on the whole-brain and regional 

FA, was not statistically significant (all p>0.3). This design does not allow differentiation of 

factors involved in schizophrenia etiology from effects of chronic antipsychotic medication 

exposure. Ascertainment of a large antipsychotic-naive SZ patient group is important, across 

different ages, to rule out interactions between medication effects and aging. Smoking is 

another possible contributing or confounding factor, because long-term smoking leads to 

decline in FA (Gons, et al. 2011; Kim, et al. 2010). Here, we observed no significant mega-

analytical effect of smoking status on the whole-brain average FA values. Regionally, the 

mega-analytic effects of smoking (being a smoker vs a non-smoker) were nominally 

significant for the corona radiata tract (p=0.02) but this did not pass correction for multiple 

comparisons.

We note that this manuscript used age-of-peak values provided in (Kochunov, et al. 2012b), 

calculated using quadratic models. However, some have criticized this method in favor of 

spline fits of aging trends, as the variable age range can influence peak time estimates (Fjell, 

et al. 2010). The present work should not be adversely affected by these limitations for two 

reasons: First, we did not perform analyses in a sample with variable age range, so regional 

variations in age-of-peak cannot be attributed to range effects. Second, the correlations 

between effects of schizophrenia and accelerated aging with age-of-peak did not reach 

statistical significance.

In conclusion, our study is the largest schizophrenia DTI analysis to date. We found that 

tract-specific heterochronicity of normal WM development modulates the presentation of 

patient-control differences in WM FA values in schizophrenia. WM tracts that carry higher 

cognitive information and continue to mature past the average age-of-onset of schizophrenia 

are more sensitive to the pathophysiology of this disorder. The finding suggests the 

importance of implementing better white matter protection and treatment in supporting 

neurocognitive function and rehabilitation in individuals with this disorder. This study also 

posits regional WM measurements as promising endophenotypes for future studies of the 

genetic risks for schizophrenia.
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Figure 1. 
Regional heterochronicity of white matter development color-coded based on the rate of 

normal maturation during adolescence (top row). These measurements were derived using 

FA extracted from a large (N=831) cross-sectional sample of normal subjects (age 

range=11–90 years) and presented in (Kochunov, et al. 2012b).
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Figure 2. 
Mega-analytic analysis of the effects of diagnosis (DX) and DX by age interaction. The non-

linear aging trends in FA values are regressed in each cohort separately, thus producing 

linear trends of patient-control differences in aging.
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Figure 3. 
Mega-analytic estimates of patient control differences (top row) and accelerated aging 

(bottom row) are plotted versus the rates of normal development and decline and age of peak 

for FA values derived from a large cohort (N=831) of normal subjects aged 11–90 years 

(Kochunov, et al. 2012b).
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