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ORIGINAL ARTICLE

Moderate–severe traumatic brain injury causes delayed loss of
white matter integrity: Evidence of fornix deterioration in the
chronic stage of injury
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Abstract

Objectives: To examine structural integrity loss in the fornix from 5–30 months after moderate
and severe traumatic brain injury (TBI) using diffusion tensor imaging.
Methods: MRIs were prospectively undertaken in 29 adults with moderate and severe TBI at two
time points. Fractional anisotropy (FA) was calculated for the fornix (column/body, right crux
and left crux) at 5 and 30 months post-injury.
Results: Paired t-tests revealed significant FA reductions with large effect sizes across time in the
column/body, p50.001, right crux, p50.001 and left crux, p50.001.
Conclusions: These data contribute to the growing body of evidence that loss of white matter
continues in moderate and severe TBI even after the acute neurological effects of TBI have
resolved. As the fornix plays a critical role in memory, this may be a contributing factor to the
poor clinical outcomes observed in these patients.

Abbreviations: DAI, Diffuse axonal injury; DTI, Diffusion Tensor Imaging; FA, Fractional
Anisotropy; FSL, Functional Magnetic Resonance Imaging of the Brain Software Library; FMRIB,
Functional Magnetic Resonance Imaging of the Brain; FNIRT, FMRIB’s non-linear image
registration tool; FDT, FMRIB’s Diffusion Toolbox; BET, Brain Extraction Tool; ROI, Region of
Interest; MRI, Magnetic resonance imaging; SPGR, Spoiled-gradient recalled-echo; TBI,
Traumatic Brain Injury; TAI, Traumatic Axonal Injury; TBSS, Tract-Based Spatial Statistics
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Introduction

Moderate-to-severe traumatic brain injury (TBI) is associated

with enduring and debilitating behavioural impairments,

particularly in the areas of memory, attention, executive

functioning and regulation of emotional functioning [1, 2].

The cause of these behavioural impairments is typically

associated with the acute effects of injury, in which impact

and acceleration, deceleration and rotational forces result in

a host of deleterious events. Acute effects can include

shearing and transection of axons and blood vessels along

with contusions and lacerations; these may be followed

minutes to days later by metabolic, excitotoxic and hypoxic

damage, inflammation, oedema, reductions to cerebral blood

flow and haemorrhages causing mass effects [2–5].

While acute events can represent massive damage to the

brain, there is growing evidence that there is further damage

that occurs at some point after these acute events have

resolved. Several studies have now revealed losses to grey and

white matter tissue in human adults in the sub-acute and

chronic stages of injury [6–10]. This group has demonstrated

significant reductions in volume of the whole brain and

hippocampus, as well as lesion expansion and loss of white

matter integrity in deep frontal and temporal regions in 14

patients with moderate-severe TBI from 5 to 30 months post-

injury [8, 9]. These findings represent a deviation from the

prevailing view of brain lesions as static, following resolution

of acute neurological events and encephalomalacia.

Understanding the presence and nature of these putative

sub-acute and chronic changes would open up the door to new

areas of treatment research.

The loss of integrity of white matter is of particular clinical

importance, as compromise to white matter underlies the

majority of clinical impairments in TBI [11]. Moreover,

it is in the new growth of axon collaterals, as well as dendritic

spine modifications, where the synaptic modification and

synaptogenesis underlying beneficial neuroplastic change is

most promising [12]. In vivo studies of white matter

integrity in human TBI have typically employed diffusion

tensor imaging (DTI) [6, 8, 13], which has greater
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demonstrated sensitivity to white matter abnormalities than

conventional MRI [8, 14, 15]. Fractional Anisotropy (FA) is

the most common metric used in DTI and is used to describe

the degree of elongation or diffusion directionality. A high FA

within a single voxel indicates that diffusion occurs predom-

inantly along a single axis [16]. A large number of DTI studies

have characterized the acute effects of white matter injury in

TBI [14, 15, 17–22]. However, the number of longitudinal

studies characterizing the progression of white matter damage

into the later stages of injury, commencing after the acute

neurological effects of injury have resolved, is much smaller.

Of those studies examining the sub-acute and chronic effects

of white matter injury, even fewer have focused on the fornix.

The fornix is of particular interest because it connects the

hippocampus to the mammillary bodies and plays a key role in

memory [23, 24] and the authors and others have observed

atrophy of the hippocampi in the later stages of TBI [9, 23].

However, the fornix’s long, thin and curved morphology makes

its integrity difficult to assess. Indeed, of all the studies

examining white matter in the traumatically injured human

brain in vivo at all stages of injury, only eight were found

examining the fornix [19, 25–30]. Amongst these, only three

were longitudinal and prospective, examining changes over

time [26, 30]. The first, conducted by Hong and Jang [26], was

a case study, which showed significant loss of FA from 3 to 19

months post-injury. The second, by Zhan et al. [30], assessed

mildly brain injured patients at 6 weeks and again at 6 months

post-injury and found significantly reduced FA values across

assessments. The third [31] examined the fornix, amongst other

regions, in a sample of 12 patients at three time points, who

were assessed at 2 months post-injury, �1 year later and then

�3 years after the second visit. This study found no evidence of

progression over time in the fornix. Therefore, further research

into the change in the fornix over time is warranted, given the

importance of the white matter changes in the clinical

presentation of TBI, the role of the fornix in memory, the

somewhat inconsistent findings in the literature and, finally, the

broader importance of the question of whether brain damage

progresses with time.

The current study prospectively examined FA changes

from 5 to 30 months post-injury in 29 patients recruited from

an in-patient neurorehabilitation programme with a mean

Glasgow Coma Scale score in the severely injured range. The

initial time of assessment was later than in previous studies, in

a conservative effort to ensure that the acute effects of injury,

including oedema, had had sufficient time to resolve and that

encephalomalacia was stable. Based on previous findings in

the fornix [26, 30] as well as previous longitudinal research

[8], it was hypothesized that a significant decline in fornix

integrity would be observed across time.

Materials and methods

Participants

This study was approved by the research ethics board of the

institution where the research was undertaken. All partici-

pants provided their informed consent.

The participants were part of an ongoing prospective study

of cognitive and motor recovery from TBI involving repeated

MRI assessment. Table I shows all available demographic and

clinical characteristics of participants. Note that, where two

valid GCS scores are available, the lowest is used to best

capture injury severity. (GCS may decline with time due to

evolving oedema and/or haemorrhage.)

Key inclusion criteria for the larger study were a clinically

diagnosed brain injury of sufficient severity to warrant in-

patient neurorehabilitation; age 18–80; functional use of at

least one upper extremity; and out of post-traumatic amnesia as

of 2 months post-injury. Subjects were excluded from the larger

study if they had a diagnosis of a disease affecting the central

nervous system (e.g., Alzheimer’s disease, multiple sclerosis);

a history of psychotic disorder; or a TBI acquired secondary to

another brain injury (e.g., stroke). Patients were eligible for the

current study if they had completed their 5-month and 30-

month post-injury MRI assessments. They were ineligible if

they sustained a new neurological event (e.g., stroke, TBI)

between the two assessments of the study. There were 33

eligible patients at the time of the study four were lost to follow-

up, leaving 29 patients. Thus, the retention rate was 88%, which

is high compared with other longitudinal studies of TBI.

Acquisition

All MRI scans were acquired on a GE Signa-Echospeed 1.5

Tesla scanner using a standard quadrature head coil. The

high-resolution 1 mm isotropic T1 weighted, three dimen-

sional radio-frequency spoiled-gradient recalled-echo (SPGR)

images were acquired in the axial plane (TR¼ 11.74 ms,

TE¼ 5.14 ms and flip angle¼ 20�, 160 slices). DTI data for

each subject was acquired using a diffusion-weighted spin

echo single-shot echo-planar imaging sequence with diffusion

encoding in 26 non-collinear directions. The sequence

parameters were as follows: repetition time¼ 8300 ms;

Table I. Demographic and clinical characteristics of patients included in
the study.

Age, mean (SD) 40.57 (15.29)
Distribution of patients by decade of age, n*
520 years: n¼ 3
20–30 years: n¼ 8
31–40 years: n¼ 2
41–50 years: n¼ 7
51–60 years: n¼ 8
61–70 years: n¼ 1

Years of education, mean (SD), n¼ 29 13.89 (3.47)
Acute care length of stay, mean (range), n¼ 28 37.63 (11–87)
Lowest Glasgow Coma Scale score,

mean (range), n¼ 27
6.94 (3–13)

Length of post-traumatic amnesia,
mean (range), n¼ 28

5 (4–6)

Classification Scale for LPTA [58]
1.55 minutes very mild
2. 5–60 minutes mild
3. 1–24 hours moderate
4. 1–7 days severe
5. 1–4 weeks very severe
6. more than 4 weeks extremely severe

Injury type
Motor vehicle Accident, n (%) 12 (41.38)
Motor vehicle Accident–pedestrian, n (%) 3 (10.34)
Fall, n (%) 13 (44.83)
Hit, n (%) 1 (3.45)

*Number of subjects with data for each demographic/injury
classification.
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matrix, 128� 128; field of view, 30� 30 cm; 5-mm thick-

ness; 0-mm gap; b factor, 1000 s mm�1.

DTI data processing and region of interest (ROI)
analysis for the fornix

First, the Digital Imaging and Communications in Medicine

files of each DTI acquisition were converted to a single

multivolume 4D format in the MRIcron software [32] to be

analysed in the Functional Magnetic Resonance Imaging in the

Brain (FMRIB) Software Library (FSL) [33, 34]. Next, they

were corrected for effect of head movement and eddy current

distortion using the eddy correct tool in FMRIB’s Diffusion

Toolbox (FDT), a part of FSL. This tool conducts an affine

registration of each individual volume to a specified b0

volume.

Brain tissue was segmented using the Brain Extraction

Tool (BET) [35], a part of FSL [33, 34] and a brain mask was

created at a specified threshold. The FDT tool was then used

in FSL to fit a diffusion tensor model at each voxel in the

brain-extracted images created from the BET tool and created

FA images for each scan. Voxelwise statistical analysis of the

FA data was carried out using Tract-Based Spatial Statistics

(TBSS) [36]), part of FSL [33]. All subjects’ FA data were

then aligned into a common space using the non-linear

registration tool FNIRT [37, 38], which uses a b-spline

representation of the registration warp field [39]. The

common space of choice was the ICBM-DTI-81 atlas. The

atlas contains 50 white matter tract labels created from a

standard-space averaging of DTI maps from 81 subjects. FA

values for the (1) right crux, (2) left crux and (3) column/body

of the fornix were obtained using ROI analyses in FSL based

on the ICBM-DTI-81 1 mm atlas for the initial and follow-up

scan. Figure 1 shows the ROI from the atlas placed onto a

patient brain used in the study.

Design and procedures

The study employed a prospective, repeated-measures design.

All patients underwent two MRIs. The first was carried out at

a mean of 5.08 (SD¼ 1.09) months post-injury. The second

was undertaken at a mean of 30.55 (SD¼ 7.18) months post-

injury.

Statistical analysis

Differences across time were tested by conducting one-tailed,

paired t-tests on the FA values for each subsection of the

fornix in the 5-month vs. 30 months post-injury groups; effect

size was measured with Cohen’s d.

Figure 1. Coronal (top row), axial (middle row) and sagittal (bottom row) view of FA maps for a TBI patient with the JHU-ICBM-DTI-81 atlas fornix
labels; orange: column/body of fornix, green: right crux of fornix, yellow: left crux of fornix.
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In order to examine the possible contribution of ageing-

related effects (during the 5–30 month post-injury period) as

an explanation for any FA reductions observed, a secondary

analysis of published data was conducted [40]. The purpose

was to descriptively compare FA changes over time to those

in a normative sample, following the precedent of Ng et al.

[9]. The normative data was used of Jang et al. [40], who

carried out a cross-sectional analysis of the column, body and

crux of the fornix in healthy adults that included young adults

(20–39 years, mean age¼ 28.9 years) and middle-aged adults

(40–59 years, mean age¼ 48.9 years). To compare change

over time in the data to change over time in the normative

sample, annual percentage change was calculated using the

following formula to produce a common time scale for both

groups:

FAt1� FAt2½ �= average FAt1 and t2ð Þf g � 100ð Þ
= time between scan 1 and scan 2ð Þ

The Jang et al. [40] study utilized similar pre-processing

steps to these methods, but different post-processing and ROI

analysis. (See Jang et al. [40] for a detailed description of

processing methods.) More specifically, this study employed

automated and pre-established masks publically made avail-

able by Mori et al. [41] from the ICBM-DTI-81 atlas; the Jang

et al. [40] study used individual-specific ROI’s. They sub-

divided the fornix into the column of fornix, the body of

fornix and the crux (right and left) while the ICBM-DTI-81

atlas used in this study combines the column and body of

fornix and separates the right and left crux. Thus, for

comparison purposes, the mean of the column of the fornix

and body of fornix were taken from their study in calculating

percentage change and the mean of the right and left crux was

taken from this data in order to calculate percentage change.

Finally, the possible moderating role of age in FA change

over time was examined by correlating FA change with

patient age (at time of the first assessment) for each

component of the fornix using Pearson Product Moment

correlations.

Results

Figure 2 shows the respective FA of each participant for the

column/body, right crux and left crux of the fornix at 5 and 30

months post-injury. As can be seen, 21 patients showed

absolute change in a negative direction in all sub-structures

and 27 showed absolute declines in at least one sub-structure.

Two participants showed absolute increases in FA values in

all three sub-structures. A further three showed increases in

two of three and, finally, three participants showed FA

increases in one of the three sub-structures.

Figure 3 presents the findings for the column/body, right

crux and left crux of the fornix. The omnibus one-tailed

paired t-test revealed significant differences in FA values

from 5 to 30 months for the column/body of fornix (M¼ 0.28,

SD¼ 0.05 and M¼ 0.25, SD¼ 0.047, first and second

assessments, respectively), t(28)¼ 4.19, p40.001, d¼ 0.50,

the right crux (M¼ 0.35, SD¼ 0.05 and M¼ 0.33, SD¼ 0.04,

first and second assessments, respectively), t(28)¼ 4.05,

p40.001, d¼ 0.53, and the left crux (M¼ 0.37, SD¼ 0.05

and M¼ 0.35, SD¼ 0.04, first and second assessments,

respectively), t(28)¼ 4.12, p40.001, d¼ 0.54.

In examining the role of ageing on FA losses over time,

correlational analyses revealed no statistically significant

relationship between age and degree of FA change for the

column/body, r(28)¼�0.28, p¼ 0.15; right crux,

r(28)¼ 0.029, p¼ 0.89 or left crux of the fornix,

r(28)¼ 0.097, p¼ 0.62.

Finally, in descriptively comparing FA changes in this

sample to secondarily analysed published normative data, the

mean annual percentage change in the left and right crux

combined was �0.71% in the normative data. The mean

annual percentage decline in this sample in the left and right

crux combined was �3.37%, representing nearly a 5-fold

difference in FA change. The mean annual percentage change

in the normative data for the column and body combined was

�0.73%. The mean annual percentage change in this sample

for the column-body was �5.31%, which was more than

7-times the normative FA change.

Discussion

Commencing many months after acute injury, this study

observed highly significant FA declines over time in the right

crux, left crux and column/body of fornix. Ageing did not

appear to account for substantive outcome variance. When the

correlation was examined between age and degree of white

matter change, the relationship was non-significant, with very

small effect sizes. In order to further investigate the role of

age on FA values, annual percentage decline was computed in

a secondary analysis of published normative data. It was

found that FA decline in this sample was 5–7-times that of the

normative sample.

The current findings converge with two previous longitu-

dinal studies of the fornix: the case study of Hong and Jang

[26] and the study of mild TBI undertaken by Zhan et al. [30].

The findings are also consistent with a prior study examining

loss of white matter integrity in deep temporal and frontal

lobe regions at the same time points in a sub-set of these

patients [8]. Farbota et al. [31] did not find ongoing changes

in the fornix in their smaller sample of 12 patients that

examined a range of ROIs, although the analyses that

combined ROIs may have had insufficient power to detect

changes.

A number of physiological mechanisms have been

proposed for ongoing loss of white matter integrity, including

persisting inflammation [42–45] and delayed apoptosis [46–

50], gradual deafferentation [46, 48], protein deposition, with

studies showing beta-amyloid precursor protein in compro-

mised axons [48, 51, 52] and evidence of tau deposition years

after a single moderate–severe TBI [53, 54] (see also Ng et al.

[9] for discussion).

While the growing evidence of continued damage of the

brain following acute brain injury recovery is discouraging,

some findings from an animal model of mild-to-moderate TBI

offer evidence that, at least in milder injuries, positive

neuroplastic changes do occur subsequent to losses. Greer

et al. [55] found that diffuse injury to white matter of a mild-

to-moderate degree of severity, even in close proximity to the

cell body, resulted in atrophy of the soma, but not cell death,

1418 A. Adnan et al. Brain Inj, 2013; 27(12): 1415–1422



Figure 2. FA for column/body of fornix, right crux of fornix, left crux of fornix at each assessment for each participant included in the study.
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and found evidence of regeneration within the damaged sub-

cortical white matter, with elongation of the severed,

truncated axons proximal to the cell body well into grey

matter and terminating underlying layer V of the cortex.

Taken together, the current and previous white matter

findings from this laboratory [8] and from other laboratories

around the world [6, 43] raise the clinically and scientifically

important question of whether brain injury is a progressive

entity [45, 56, 57]. This postulation deviates from the

prevailing view that, following the recovery of acute neuro-

logical events, the TBI brain is relatively stable. Indeed, the

findings suggest that, in the sub-acute and chronic stages of

injury, change is likely caused by multiple competing

mechanisms, both beneficial (e.g., unmasking, functional

reorganization and regeneration) and deleterious [59].

Limitations

This study lacked a control sample within the same experi-

ment to control for the effects of ageing-related loss of white

matter integrity. The recent study by Jang et al. [40] allows

one to coarsely examine this potential confound. The Jang

et al. normative data were cross-sectional and the comparison

between this study and these data assumes linear change over

time. However, the findings help to partially rule out ageing-

related decline as an explanation for the significant drop in

FA across time. In addition, this study did not find effects of

ageing, per se, on FA loss.

Second, the current data do not allow one to ascertain at

what point during the 5 and 30 months-post injury gap the FA

losses occurred, nor whether the losses were discrete or

gradual. This raises the interesting empirical question of

whether, if these changes occur over time, they follow a linear

course, a downward acceleration or slowing and self-limiting

path.

Conclusions

TBI is associated with FA reductions in the fornix well after

resolution of acute neurological events has taken place. These

results contribute to a growing body of literature revealing

that TBI is not a static disorder in the later stages of the

disorder. The findings support the need to consider a

reconceptualization of TBI as a chronic and possibly

progressive disorder. Further research with more refined

timelines is needed to better understand the trajectory of these

changes, their underlying mechanisms, their ubiquity and the

underlying causes. Such research would permit better care-

path planning as well as new avenues for treatment research

into offsetting these deleterious changes.
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