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Abstract

Purpose—Up to 19% of veterans returning from the wars in Iraq and Afghanistan have a history

of mild traumatic brain injury (mTBI) with 70% associated with blast exposure. Tragically, 20–

50% of this group reports persistent symptoms, including memory loss. Unfortunately, routine

clinical imaging is typically normal, making diagnosis and clinical management difficult. The goal

of this work was to develop methods to acquire hippocampal MRSI at 7T and evaluate their

sensitivity to detect injury in veterans with mTBI.

Methods—At 7T, hippocampal MRSI measurements are limited by: 1) poor B0 homogeneity; 2)

insufficient B1
+ strength and homogeneity; and 3) chemical shift dispersion artifacts. To overcome

these limitations we: 1) used 3rd degree B0 shimming; 2) an inductively decoupled transceiver

array with RF shimming and 3) a volume localized single slice sequence using RF shimming

based outer volume suppression.

Results—In 20 controls and 25 veterans with mTBI due to blast exposure with memory

impairment, hippocampal NAA/Cho (P<0.001) and NAA/Cr (P<0.001) were decreased in

comparison to control subjects.
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Conclusion—With the appropriate methods robust spectroscopic imaging of the hippocampus

can be carried out at 7T. MRSI at 7T can detect hippocampal injury in veterans with mild

traumatic brain injury.
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With the wars in Afghanistan and Iraq, mild traumatic brain injury, mTBI, from explosive

blast exposure is reaching dramatic proportions. It is estimated that approximately 23% of

veterans report being physically moved or knocked over by blast exposure (1). It is also

estimated that 1 in 5 returning veteran warfighters have a history of TBI (2) with 70% being

associated with blast exposure (3). Although controversial, some estimates report 20 – 50%

of that group report some form of dysfunction one year post injury (4–7). The clinical

assessment of this type of injury is difficult on several levels. First, accurate and

independent details as to the severity of the blast are not generally available. Second, while

the symptoms include impaired memory and concentration, irritability, sleep disorders and

PTSD, cognitive testing to quantify these problems can be inconclusive and complicated by

factors that can influence the validity of that report including psychiatric and motivational

concerns. Although the presence of poor effort and symptom magnification on objective

cognitive and psychological assessment can be identified through the use of symptom

validity measures, once it is identified the validity of the entire evaluation is called into

question, even where legitimate injury is suspected (8–10). Thus, a finding of symptom

magnification leaves few options for objective assessment (11, 12). With effort failure rates

of 17 to 58% in veterans with mTBI (13, 14), methods able to objectively identify the

presence of injury and anatomically link it with specific cognitive domains could

significantly impact treatment prioritization and clinical management.

Despite the obvious significance and large numbers of returning veterans with blast mTBI,

there have been relatively few reports of neuroimaging studies demonstrating significant

injury. While conventional structural imaging studies have been generally negative, PET and

diffusion studies have reported significant changes in veterans with mTBI related to blast

exposure. Mac Donald and colleagues reported an increased number of DTI abnormalities in

18 of 63 veterans with TBI related to blast with additional associated head impact events

(15). Studies with smaller numbers of patients have reported changes in DTI with blast

related TBI and depression (16) and hypometabolism in the cerebellum (17). However, a

recent study failed to find differences in fractional anisotropy in those with mTBI (18).

In conventional non-blast TBI, MRS measurements of decreased N-acetyl aspartate, NAA,

levels have been reported in MRI-normal brain regions (19) and have been used to predict

long term cognitive outcome in children (20) and adults (21). In athletes who have

experienced a sport-related concussive head injury (with or without loss of consciousness)

reductions in NAA have been reported in frontal white matter which persisted beyond the

resolution of clinical symptoms, and whose recovery was significantly slowed by exposure

to a second concussive injury (22). Similarly, Henry and colleagues recently reported

chronic changes in football players that persisted 6 months after concussion injury (23).
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Based on these findings, we initiated a study evaluating alterations in the ratios of NAA to

Choline (NAA/Cho) and NAA to Creatine (NAA/Cr) in veterans with a history of mTBI

associated with blast exposure who reported ongoing memory impairment. Given the

prevalence of memory symptomatology in this group, we targeted the medial temporal lobes

for this spectroscopic imaging study at 7T.

Although 7T offers significant advantages in terms of increased signal to noise ratio (SNR)

(24), spectroscopic imaging measurements of the human hippocampus at 7T are challenging.

Due to the proximity of the medial temporal lobe to the frontal sinuses and ear canals,

spectral quality is degraded by susceptibility effects which increase linearly with field

strength. Although good B1
+ homogeneity can be achieved with transverse electromagnetic,

TEM, volume coils for superior brain locations (25), high frequency RF effects dramatically

degrade homogeneity in the temporal lobes resulting in a two-fold variation in B1
+,

decreasing SNR by the use of non-optimal pulse angles. Similarly, the decreased available

B1
+ strength at 7T versus 3T results in substantial chemical shift dispersion artifacts for

MRSI sequences using large bandwidth in-plane slice selective pulses. To overcome the

limitations in B0 homogeneity we used 3rd degree B0 shimming with an ROI targeting the

medial temporal lobe (26, 27). To obtain good B1
+ homogeneity we used an 8 element

inductively decoupled transceiver array with RF shimming (28). To minimize chemical shift

dispersion errors, we used a volume localized a single slice moderate TE sequence with RF

shimming based outer volume suppression to provide in-plane localization (29). We used

these methods to acquire data from 20 control subjects and 25 veterans with self-reported

memory impairment and a history of explosive blast mTBI. The MRSI data revealed highly

significant declines in NAA/Cho (P<0.001) and NAA/Cr (P<0.001) from the most anterior

regions of the hippocampi in comparison to control subjects. This data represents one of the

first studies to identify significant MR-detected abnormalities in veteran warfighters with

blast mTBI associated with a specific anatomical domain and its correlated deficit.

METHODS

RF coil and B0 Shimming

All data were acquired with an Agilent Direct Drive console and a head only (68cm ID)

actively shielded 7T magnet. An 8 coil inductively decoupled transceiver array was used for

all studies. The array was built with a split design consisting of two sections, a posterior

section with 5 coils and an anterior section with 3 coils (30). The posterior section had a

width in the left right direction of 19.5cm. Two different anterior sections were used so as to

accommodate different head sizes in the anterior-posterior (AP) direction. When the two

sections were combined, the array measured 23 and 25cm respectively in the AP direction.

The individual coils in the array were rectangular in shape and measured 9cm × 9cm (length

× width in circumferential direction) for the posterior array and the 23 cm anterior array,

while the 25cm anterior array used 9cm×10cm coils. The array was positioned so as to place

the medial temporal lobes within the center of the array subject to constraints of individual

variations in anatomy.

The gradient system (Agilent) included a full set of 2nd and 3rd degree shims, with each

shim driven by two 10A shim power supplies (Resonance Research Inc.). A non-iterative
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multi-slice B0 mapping method was used to acquire B0 maps, calculate necessary shim

currents and set all currents (27, 31). The B0 maps were generated using 5 evolution periods,

corresponding to additional delays of 0 (for reference), 1, 2, 4 and 8ms. The B0 maps were

acquired using 11 slices with a thickness of 2mm and a gap of 2mm, such that the 10mm SI

slice thickness was spanned by three B0 map slices. The ROI for the shim optimization was

determined using scout images. With each B0 map acquisition, the measured and predicted

(i.e., after shim correction) standard deviation of the B0 field over the ROI,  was

calculated. For verification of the predicted map, a second B0 map was acquired after

shimming. The measured and predicted inhomogeneity, over the selected ROI, typically

varied by less than 1Hz for a single iteration of shimming. To provide an estimate of the

line-width, maps of local inhomogeneity,  were calculated from the standard

deviation over a 3×3×3 region of B0 pixels (26). Assuming a gaussian distribution, the line-

width, full width at half maximum - FWHM, is given by 2.35 . Performance data for

B0 shimming was compiled using the initial 15 subjects in each of the mTBI and control

groups.

Pulse Sequence and RF Shimming

Spectroscopic imaging data were acquired using a moderate (40ms) TE sequence to

minimize spectral overlap of NAA, creatine and choline with J-modulating compounds.

Localization using the 8 element elliptical transceiver included a combination of gradient

based slice-selective excitation and RF shimming based outer volume suppression (28, 29).

As previously described, we used two RF distributions (“homogeneous” and “ring”)

determined in each volunteer by B1 mapping and optimization.

The maximum 10g average for SAR was calculated using Remcom XF7.1.0.5 (REMCON

Corporation, College Station, PA) Finite Difference Time Domain (FDTD) electromagnetic

wave analysis was used for B1
+, electric field (E) and SAR calculations. All coils within the

array were numerically matched to better than -20dB at the same frequency (±0.5MHz). The

inductive decoupling between each surface coil pair was modeled using a Thevenin lumped

circuit equivalent of a transformer. The values of the individual inductors were iteratively

adjusted to achieve the target decoupling of typically better than -15dB (similar to that seen

in vivo better than -16dB isolation (28)). Simulations were performed using a head model

with tissue parameters (at 7T) calculated by the Cole-Cole method (25). The simulation was

calculated using a variable grid size ranging from less than 1mm (enabling small structural

details in the transceiver and head to be accurately represented) to a base cell size of 30mm

in air/free space. The amplitude and phase values for the homogeneous and ring

distributions for the individual coils in the array were determined using the same RF

shimming procedures as described for the in vivo studies, with the exception that the

maximum power for a coil in the ring distribution was not constrained by a maximum value.

The slice was angulated by 20° matching that used in the in vivo studies. These values were

then used to calculate the 10g averages for SAR for simultaneous transmission for the two

different RF distributions.
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MRSI Acquisition, Processing and Analysis

The target slice (10mm thickness, 300Hz/mm gradient slice selection strength) was

angulated along the temporal pole, approximately 20 degree, at the level of the

hippocampus. Rectangular phase encoding (24×24) was performed over a FOV of

192×192mm2. The TR was 1.5s resulting in an acquisition time of 14.4min. To provide

phase and amplitude scaling for optimal SNR for the reconstruction of the metabolite SI

data, an unsuppressed water SI was acquired using the same sequence but without water

suppression and TR=0.5s as previously described (28).The metabolite data in each pixel was

then divided by the integrated area of the unsuppressed water signal from the corresponding

pixels in the unsuppressed water SI. Although this corrects for the spatial dependence of the

reception efficiency due to array reception, it does not correct for differences in T1, T2 or

water content. The data were processed with 4Hz of Gaussian broadening (FWHM), in the

spectral domain and a hanning filter in the spatial domain.

Spectroscopic data were processed using semi-automatic anatomically guided

reconstructions (32) so as to account for variations in metabolite ratios along the length of

the hippocampal formation. The hippocampi were manually outlined on T1 weighted images

(Fig. 1A red and green lines) and a midline is automatically calculated (blue). The aqueduct

is then identified and six voxels (three anterior, one centered at the aqueduct and two

posterior to the aqueduct) are reconstructed from the MRSI data at 9mm increments along

the midline. The voxels were then labeled from 1 to 6, with voxel 1 being the most posterior

pixel. Spectra were fit in the time domain using Gaussian line-shapes and the ratios of

NAA/Cho and NAA/Cr were calculated using resonance areas. No attempt was made to

resolve NAA and N-acetyl glutamate. All images and spectroscopic images are presented

using the convention that the left portion of the image corresponds to the subject’s right side.

Hippocampal Volume Measurements

The volume of the right and left hippocampus were determined by manual tracing (33) on

1.5mm isotropic T1 weighted images. Due to known differences between brain size in men

and women and the high fraction of men in the mTBI group; only data from men in mTBI

and control groups were used for comparison.

Statistical Evaluation

The data was grouped according to location (1–6), side (right or left) and patient versus

control subject. A two tailed T-test was carried out to evaluate for potential statistical

differences between equivalent loci. The data was then divided into two families of data,

NAA/Cr and NAA/Cho ratios. To correct for potential type I errors (i.e. false discovery of

significant differences) and retain statistical power to avoid type II errors (failure to detect

true significant differences) for each family of measures, a Benjamini-Hochberg (34) test

was used with the false discovery rate set to be 5% or less.

Subject Enrollment

20 control subjects (32±12 years, 12 men) and 25 veteran warfighters (34+9 years, 24 men)

with blast related mTBI were studied with prior approval of the Yale Committee on Human

Investigations and the West Haven Veterans Administration Institutional review Board.
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mTBI was defined as a traumatically induced disruption of brain function using the criteria

of Center for Disease Control (35). The number of blast exposures in veterans ranged from 1

to more than 10, with all reported exposures being more than 1 year prior to the MRSI study.

Due to the commonality of symptoms between PTSD and mTBI (36), the veterans were

evaluated by a board certified psychiatrist for PTSD, depression, anxiety and substance

dependence using the Diagnostic and Statistical manual of Mental Disorders Fourth Edition

criteria, PTSD Check List (PCL-M), Beck Depression Inventory II and Beck Anxiety

Inventory. Cognitive assessments included the evaluation of verbal and visual memory

(California Verbal Learning Test 2nd Edition, Rey-Osterrieth Complex Figure Test) and

effort testing (Test of Memory Malingering and Green’s Word Memory Test). Potential

control subjects reporting a history of psychiatric or neurologic illness were excluded from

the study.

RESULTS

3rd Degree B0 Shimming

Fig. 2 displays the tailored ROIs (Fig. 2A) used for shimming the medial temporal lobe. The

resulting B0 and  maps attained using only 2nd degree shims (as available on most 7T

systems) and 3rd degree shims are displayed in Figs. 2B and 2C. The tailored ROI uses a

100mm circular region with an elliptical cutout to focus the shimming on the medial

temporal lobe. The ROI is designed to minimize the role of susceptibility effects from the

ear canals (lateral to the ROI) and frontal sinus (anterior) to the ROI from degrading the

homogeneity over the medial temporal lobe. As a group the residual B0 inhomogeneity,

, was reduced by 39% from 17.6±3.6 to 11.1±2.4Hz when adding 3rd degree shims

to 1st&2nd degree shims (Fig. 2B). Consistent with the large improvement, a large third

order residual having C3 symmetry is seen in the B0 map when using only 1st & 2nd degree

shims. The predicted effect of improved shimming on spectral quality can be seen in the

 maps (Fig. 2C). In this case (Fig. 2C)  in the anterior regions of the

hippocampi approach 15–20Hz when only 2nd degree shims are used. When 3rd degree

shimming is added,  decreases to ~10Hz or less. Consistent with the  maps,

the largest improvement with 3rd degree shimming is achieved in the most anterior loci

(Figs. 2D and 2E). In this case when using 2nd degree shimming, the most anterior rows of

the hippocampal formation (green ROI – spectra far right Fig. 2D) show substantial overlap

between Cr and Cho with substantially broader lines. In comparison, with 3rd degree

shimming (Fig. 2E) B0 homogeneity is maintained and creatine and choline are resolved to

near baseline. There were no significant differences in  between patients and control

subjects.

Effect of using a tailored ROI

To evaluate the improvement in homogeneity afforded by use of the tailored ROI when

using 3rd degree shims, we calculated  and  using with the tailored ROI (Fig.

2A) and a whole slice ROI (an ROI including all of the brain within the slice). When using

the tailored ROI to optimize the shims as opposed to the whole slice ROI, over the group of
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30 subjects  decreased by 21% from 13.9±2.9 to 11.1±2.4. On an individual by

individual basis the improvement in  ranged from 9 to 32%. To evaluate the

improvement in  for the hippocampal loci when using the tailored ROI, we

calculated  over the 12 pixels spanning the hippocampal formations using the two

ROIs. The group data is displayed in Table 1. Reductions in  ranged from 8 to 23%.

Notably the mean reduction in line width, full width at half height, provided by using the

tailored ROI is 7.5Hz (2.35 ) in voxel 6, the most anterior location.

B1
+Distributions and RF Shimming

Due to the angulation used for the hippocampal slice and the relatively short length of the

coil (9cm), the anterior portion of the selected slice was typically located immediately below

the inferior edge of coils 4–6 of the array. In contrast, the posterior portion of the slice was

located more towards the middle of the array beneath coils 1, 2 and 8. Due to the

requirement that the head be placed deeply into the coil with the nose within the active

elements, the anterior coils were typically farther from the brain than the posterior or lateral

coils. For equivalent drive voltages, the achieved B1
+ varies significantly with the posterior

coils having the strongest B1
+ within the selected slice, followed by the lateral coils, with

the anterior coils having the weakest B1
+ (Fig. 3A). As expected, use of equal drives results

in B1
+ poor homogeneity, with a standard deviation of 22% over the ROI stemming from

insufficient B1
+ in the anterior and excess B1

+ in the posterior (Fig. 3B). A B1
+ map

following RF shimming for the homogeneous distribution is displayed in Fig. 3C, which

achieves a standard deviation of 11%. To assess the variations on a group basis we evaluated

the power required for each distribution in 10 studies with 5 studies in each of the two coil

configurations (23 and 25cm AP). Due to a variety of factors including: distance to the brain

(anterior coils are further away), positioning of the slice relative to the longitudinal axis of

the coil (the anterior portion of the selected slice is closer to the inferior edge of the coil) the

required power for each coil varied significantly, necessitating RF shimming (Table 2).

Despite this variability, the standard deviation of the B1
+ over the ROI (virtually all of the

brain within the slice) was 12.7±1.9%. The 23cm coil achieved a mean B1
+ of 940Hz (5

subjects) at 2.21kW, while the 25cm coil (5 subjects) achieved a mean B1
+ of 888Hz at

2.65kW.

For the ring distribution, due to its highly constructive nature at the periphery of the head

(29), the maximum output of any individual channel was constrained to 35% of its

maximum output voltage or ~140W, to limit the local SAR. Similarly, the lateral coils also

showed an increased required power. Despite these factors, there is sufficient B1
+ in the

peripheral regions, when combined with adiabatic inversion pulses to provide sufficient

suppression of extracerebral lipids from the target ROI (Fig. 3C). Notably, since the ring

distribution uses only RF shimming to generate spatial localization (i.e. no gradients are

applied) chemical shift dispersion artifacts are eliminated.

RF Power Deposition

Based on the FDTD simulations, the 10g averages for the maximum SAR for 1W of input

over the entire head were 0.90 and 2.35W/kg for the homogeneous and ring distributions
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respectively. To estimate the maximum SAR for the pulse sequence we summed the

contributions of the two distributions weighted by their duration, RF shapes and output

levels used for the 10 subjects (Table 2). The mean deposited total power was 4.73±0.61W

and the maximum SAR for a 10g average was 6.15±0.69W/kg. Notably the anatomical

locations of the maximum SAR vary for the two distributions and do not coincide spatially

due to the different phase relationships used. In general the maximum SAR for the

homogenous distribution is located at the longitudinal edge of the RF coil where the E fields

are generally constructive, while the ring distribution provides greater SAR from more

central locations within the coil where the E-fields are more constructive. For safety

purposes, the calculation of SAR for the pulse sequence assumes that the loci of maximum

SAR are the same for the two sequences. Although the ring distribution shows a much

higher maximum SAR for equivalent input as the homogeneous distribution, the much

higher efficiency of the ring distribution at the peripheral locations (29) results in lower

required power overcoming the increase in SAR.

Anatomical Variations in Metabolite Ratios in Controls

Displayed in Table 3 are data from control and patient subjects using the semi-automated

reconstructions. Consistent with the spectral data shown in Figs. 1 and 2, the ratio of

NAA/Cho in control subjects declines markedly along the length of the hippocampal

formation, ranging from 1.77+0.15 (locus #1 - posterior right) to 0.99±0.16 (locus 6 -

anterior left). NAA/Cr ratios in controls showed a similar dependence, 1.47±0.15 to

1.17+0.16 (loci 1 left and 5 right respectively). No significant difference was seen in the

NAA/Cr or NAA/Cho ratios between the left or right hemisphere for equivalent locations

along the hippocampal formations in controls.

Comparison of Patient and Control data

Displayed in Fig. 4 are data from a veteran with multiple blast exposures who does not

suffer from PTSD. A large decrease, exceeding 2SDs, in NAA/Cho in comparison to the

control group is seen along both hippocampal formations (Fig. 4B). The differences are most

pronounced from the most anterior loci (#6) (Fig. 4C). Using p<0.05 for individual T-tests,

as a group the veterans with mTBI displayed significant reductions (p<0.05) in NAA/Cho

from loci 2–6 from right hippocampus, and loci 5 and 6 on the left in comparison to the

control group. After controlling for a false discovery rate using the Benjamini-Hochberg

test, all of the loci identified with p<0.05 were found to be significantly different from their

corresponding control location. Using T-tests, NAA/Cr in the mTBI group was significantly

lower than controls in loci 4–6 from the right hippocampus. No loci in the left hippocampus

achieved p<0.05 on individual T-tests for NAA/Cr. After controlling for a false discovery

rate using the Benjamini-Hochberg test, loci 4 and 6 were found to be significantly different

from their corresponding control location. The volume of the right hippocampus of the

mTBI subjects were significantly smaller (p=0.001) 3.39±0.36 than controls 4.01±0.36. The

left hippocampus for mTBI subjects 3.73±0.35 was not significantly different (p=0.51) from

control subjects 3.83±0.35.

To corroborate the self-reported memory impairment, cognitive tests assessing memory

performance were carried out. As a group, the veterans displayed reduced performance for
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verbal and visual memory related tasks including cued recall, short term recall and long term

recall. The reductions in Z scores ranged from Z=−0.33 to Z=−0.67. To evaluate the

potential role that psychiatric co-morbidities might be solely responsible for the differences

seen in NAA/Cho and NAA/Cr in this group in comparison to controls, we grouped the data

according to whether or not the patients also had a diagnosis of PTSD (16/25), depression

(15/25), anxiety (10/25) or are ethanol dependent (5/21). For other drugs of abuse (cocaine,

cannabis and opioids) at most a single subject reported dependence in each category, thus no

statistical evaluation was made. Those loci identified from the previous analysis as

significantly different after correction for false discovery rate of 0.05, were then compared

using a two tailed T-test. No statistically significant differences were seen in the group data

when comparing mTBI subjects with and without a specific comorbidity (e.g. mTBI without

PTSD versus mTBI with PTSD) from any locus. The fractional differences in mean values

between the groups ranged from -15% (the non-depressed veterans had a lower NAA/Cho

ratio in locus 6 right) to +5% (the ethanol dependent veterans had a lower NAA/Cho ratio in

locus 5 right). Thus as a whole, presence or absence of a specific co-morbidity did not

significantly alter the mean value reported from the group.

DISCUSSION

B0 Shimming

The use of the localized ROI significantly enhances homogeneity over the target ROI by

allowing the optimization routines to “ignore” the very high degree inhomogeneities arising

from the ear canals and frontal sinus. Over the restricted ROI, addition of 3rd degree shim

corrections to 1st & 2nd degree corrections resulted in a 37% improvement in homogeneity.

This independent data is consistent with our previous work (26) where the achieved

homogeneity improved by 37% when including third degree shims reaching a similar value

of  of 10.5Hz (11.1Hz in this group). This is most strongly seen from the anterior

loci of the hippocampal formations. With only 2nd degree shims, there is substantial overlap

between Cho and Cr, along with broad baseline distortions. In contrast, addition of 3rd

degree shims enables resolution of Cho and Cr to baseline and minimizes distortions in the

baseline. In the data from the subject displayed in Fig.2,  for 3rd degree shimming

was 11.7Hz, slightly larger than the average for the group, 11.1Hz. In this population of

veterans, statistically significant changes are predominantly seen in the most anterior loci,

with the largest changes seen in locus 6. Thus, attaining sufficient B0 homogeneity and

spectral quality in the anterior hippocampal formation is critical for detection of the injury.

To determine the potential improvement with increasing shim degree we calculated the

residual inhomogeneity using up to 14th degree shims (Fig. 5). As can be seen 

reaches an asymptote at 7th degree, with only minimal improvement above that level. With

3rd degree shims, the dominant inhomogeneities over the tailored ROI arise from the ear

canals and frontal sinus. Addition of 4th degree shims (26) should significantly improve the

B0 homogeneity in the regions immediately above the ear canals and the anterior regions of

the hippocampal formations. The calculated homogeneity above 7th degree is 5.17Hz, with

the inhomogeneity dominated by susceptibility effects from vessels and gray/white matter

differences.
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B1 Shimming

For the strongly angulated slice, use of equivalent drive amplitudes to all coils in the array

results in marked inhomogeneity (22%) over the target ROI. The need for RF shimming and

significantly different drive voltages is due to the greater distance of the head to the anterior

coils and the positioning of the anterior portion of the slice generally closer to the inferior

edge of the coil. For the relatively short array used, the B1
+ generated at the longitudinal

edges of the array is generally less than that in the central region of the array. Despite these

issues, after B1
+ shimming the SD over the selected ROI in this subject was reduced from

22% to 11%. As a group, the SD of the B1
+ for the homogeneous distribution was 12.7%.

Notably, the same RF phases were used for both the RF amplitude shimmed and non-

shimmed distributions. For the ring distribution a similar effect was seen, with significantly

higher drive voltages used for the anterior coils. Despite these challenges, good suppression

of the extracerebral lipid signals arising from the temporalis muscle and skin was obtained

over the target ROI for the MRSI study.

Patient Data

This data represents one of the first studies to identify consistent significant changes

reflective of injury in blast related mTBI. The changes seen, reductions in NAA/Cho and

NAA/Cr in comparison to controls are consistent with the potential presence of neuronal and

axonal injury. The smaller volume of the right hippocampus (as opposed to left) in

comparison to controls is consistent with the reduction in NAA/Cr seen in the right

hippocampus, and the greater spatial extent of changes in NAA/Cho also seen from the right

hippocampus. The smaller hippocampus, primarily a gray matter structure, may result in

increases in CSF content and the fraction of white matter/gray matter content in the volumes

measured. An increase in CSF content combined with a partial volume shift due to gradient

based slice selection can potentially cause an artifact in metabolite ratios, since the measured

volumes for NAA, Cr and Cho no longer come from the same locations. However, the use of

ring based outer volume suppression and a 300Hz/mm slice selection gradient limits the

shift between NAA and Cr and NAA and Cho volumes to 1.0 and 1.2mm (10 and 12%

respectively) in the slice direction. An increase in the fractional content of white matter can

also modify metabolite ratios independent of any pathology. However increasing fractional

white matter content in the absence of any other change will tend to increase NAA/Cr ratios

due to the naturally higher ratios of NAA/Cr in white matter as opposed to gray matter (37).

The anatomical site of these changes, the hippocampal formation, is consistent with the self-

reported memory impairment, the poorer cognitive performance scores seen from the group,

and the role of the hippocampus and temporal lobe in tasks related to memory. All mTBI

subjects were evaluated at least one year prior to study, with the duration between the study

and the last blast related event being 1–10 years. Since the status of the subjects before and

immediately after the mTBI is not known, the extent of recovery and/or progression of

injury cannot be determined in this study. Regardless of the temporal characteristics,

reduced NAA/Cr, NAA/Cho, hippocampal volumes and cognitive impairment is present

more than one year from the date of the initial injury.
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The exact mechanism by which blast mTBI results in persistent injury and cognitive deficits

is unknown; however the involvement of the hippocampus has been reported in several

animal models of blast injury including the rat (38–40), pig (41) and primate (42). Notably,

the anterior hippocampal locations include a portion of the amygdala, a site involved in

emotional processing. It is possible that damage to the hippocampus may also play a role

with the high comorbidity of PTSD 44% (see (36) for review). Alternatively, some

investigators have proposed that the symptoms seen in blast related mTBI may be largely

attributable to PTSD (43). However, in this small group, there were no significant

differences between mTBI subjects with (or without a diagnosis of PTSD, depression,

anxiety or ethanol dependence.

In this group of veterans 10 of the 25 displayed NAA/Cho declines more than two standard

deviations from control values for locus 6 right (locus of greatest decline). Of the 21

veterans who completed effort testing, 7 failed their effort tests. Amongst the small group

that failed effort testing, all had NAA/Cho ratios from locus 6 right below the mean for

controls with a mean value of 0.80±0.16, more than 1.5SDs from control values.

Additionally, three veterans who failed effort testing, had NAA/Cho ratios (0.62–0.66) in

locus 6 right more than 2 SDs from control. For veterans who fail effort testing, deficits in

performance on other neurocognitive assessment measures and claims of impairment are

open to question, challenge and dismissal. Given the multitude of psychological processes

that can lead to poor performance on these measures, it is uncertain whether or not the poor

performance on symptom validity assessment is directly attributable to the processes giving

rise to the reduced NAA/Cho. Regardless, the presence of a large deficit in NAA/Cho is

consistent with neuronal injury in this brain region. Thus, an objective imaging measure of

dysfunction has a clear role in the management of these patients as a means to identify the

presence of injury in cases of self-reported memory impairment. Finally, the extent to which

measurements of NAA/Cho are quantitatively predictive of the degree of memory

impairment in blast mTBI will require additional studies.

Although the dramatic decreases in NAA/Cho from the most severely affected patients are

detectable from conventional grid based reconstructions there is a very strong anterior-

posterior dependence in NAA/Cho and a weaker, although still significant dependence for

NAA/Cr. Thus, the use of the anatomically driven reconstructions enables a more accurate

comparison of patient and control data by correcting for anatomical location. The origin of

the positional dependence of NA/Cho ratios along the hippocampal formation may be due to

metabolic/cellular differences from different hippocampal subfields such as CA1–4, the

dentate gyrus and subiculum along its length. The contributions of the amygdala to the

anterior loci of the hippocampal formation may also be a factor.

Finally, as described, the most profound decreases in NAA/Cho and NAA/Cr in the mTBI

group were seen in the most anterior loci of the hippocampal formations. This highlights the

importance of higher degree shimming, as the largest absolute improvements in  (in

Hz) are seen from the same loci. As shown in Fig. 2, the improvement in  translates

into an improvement in line-width and spectral quality. This is consistent with our previous

work demonstrating a strong linear relationship between  and line-width in the
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hippocampus (26). Thus in this study, access to higher degree shimming at 7T was a critical

component leading to improved data quality and likely the overall success of the study.
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Figure 1.
Scout image showing the single voxel reconstruction (left) and spectra from the

reconstructed loci (yellow circles) from a healthy control.
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Figure 2.
2A- ROIs used for B0 shimming; 2B - maps of B0 using 1st&2nd degree (left) and 1st-3rd

degree (right); 2C – maps of  using 1st&2nd degree (left) and 1st-3rd degree (right);

2D - MRSI data acquired with 1st&2nd degree shims (left) and single voxel reconstruction

from the same data set (right); 2E - MRSI data acquired with 1st-3rd degree shims (left) and

single voxel reconstruction from the same data set (right).

Hetherington et al. Page 16

Magn Reson Med. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
3A – B1

+ maps for individual coils; 3B – B1
+ map for simultaneous transmission using

equal amplitudes to all coils; 3C - B1
+ map for the homogeneous distribution after B1

+

shimming. 3D – B1
+ map for the ring distribution.
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Figure 4.
Data from a veteran with blast mTBI. 4A - locations of the single voxel reconstructions

(yellow circles); 4B spectra from these loci from a veteran with mTBI due to blast exposure;

4C - spectrum from the most anterior location of the right hippocampal formation.
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Figure 5.

 as a function of shim degree used and calculated B0 maps using 3rd, 4th, 7th and

14th degree shims.
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