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Abstract

Introduction: Smearing artifacts were observed and investigated in diffusion tensor imaging 

(DTI) studies of macaque monkeys on a clinical whole body 3T.

Methods: Four adult macaques were utilized to evaluate DTI artifacts. DTI images were acquired 

with a single-shot echo-planar imaging (EPI) sequence using parallel imaging.

Results: The smearing artifact observed on the diffusion-weighted images and fractional 

anisotropy maps was caused by the incomplete fat suppression due to the irregular macaque 

frontal skull geometry and anatomy. The artifact can be reduced substantially using a novel three-

dimensional (3D) shimming procedure.

Conclusion: The smearing artifacts are caused by the incomplete fat suppression due to the 

irregular structure of macaque frontal skull. The artifact can be reduced significantly using a 

robust 3D shimming approach. The DTI protocol combined with the shimming procedure could be 

a robust approach to examine brain connectivity and white matter integrity of non-human primates 

using a conventional clinical scanner.
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Introduction:

As non-human primate (NHP) brains are structurally and functionally similar to the human 

brain, NHPs are popularly used in a wide range of neuroscience and disease studies 

including Human Immunodeficiency Virus (HIV), stroke, Huntington’s disease (HD), 

Alzheimer’s disease (AD), aging, drug addiction, and autism. Diffusion tensor imaging 

(DTI) is able to assess the white matter integration and brain connectivity, and has been 

increasingly used in various NHP studies [1–7], demonstrating its novel capacity and 

robustness in NHP researches.

DTI data acquisition is usually conducted with the spin-echo echo-planar imaging (EPI) 

sequence in either clinical or preclinical studies. Due to the inherent property of the EPI 

sequence, DWI images are very vulnerable to motion or susceptibility issues, resulting in 

various artifacts such as ghost, signal drop-off, and distortion [8–11]. The motion artifacts 

can be well controlled in anesthetized animals. However, other artifacts may become worse 

in high (3T or above) or ultrahigh (7T or above) field scanners due to reduced T2 and 

increased susceptibility effects compared to 1.5T scanners. Since there are few research MRI 

scanners dedicated for NHP studies, NHP (such as macaque monkeys) studies are usually 

conducted on high-field whole body clinical scanners. NHP brains are much smaller than 

human’s (1200–1300cc in human, ~400cc in chimpanzee, and ~100cc in macaque monkey) 

and require smaller field of view (FOV) and increased spatial resolution. In particular, the 

DTI images can be compromised with severe T2* effect due to the increased echo time as 

stronger gradients are demanded in diffusion MRI scans. Because clinical scanners usually 

are equipped with low strength gradient (4G/m) compared with a standard research scanner 

(40G/m), the detrimental T2* effect in NHP brain imaging can be more deteriorated with a 

high (or ultrahigh) field clinic setting.

Previous studies have demonstrated that parallel imaging is an effect and robust approach to 

improve the DTI image quality of human or NHP brains in clinical scanners [12–15]. 

However, a new type of image artifact, referred as the “smearing artifact” in this work, was 

sometimes observed in our DTI study of NHP brains. To our best knowledge, such smearing 

artifact has not been reported in previous human or animal DTI studies. In the present study, 

the smearing artifact was investigated and a solution was proposed.

Materials and Methods:

Adult rhesus monkeys (n = 4, all female, 9–10 years old, 7–11 kg) were utilized. Each 

subject was initially anesthetized with 3–5mg/kg of telazol or 10mg/kg of ketamine, and 

then placed on a temperature-controlled heating pad, and intubated and breathed on its own 

under ~1% isoflurane delivered to a non-rebreathing circuit. The head of the subject was 

immobilized with a home-built head holder and placed in the supine position during MRI 

scanning. All major physiological parameters were monitored and maintained in normal 

ranges [16]. All procedures were approved by the Institutional Animal Use and Care 

Committee at Emory University in a facility accredited by AAALAC and in compliance 

with the Animal Welfare Act and the Public Health Service Policy on Humane Care and Use 

of Laboratory Animals.
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DTI images were acquired on a Siemens 3T clinical scanner (MAGNETOM Trio, a TIM 

system, Siemens Healthcare, Erlangen, Germany) with an 8-channel high-resolution phased-

array knee coil (Invivo Inc., FL). A single-shot EPI sequence was performed, and the 

imaging parameters included GRAPPA on (acceleration factor = 3) or off, TR = 5000ms, TE 

= 80ms, field of view (FOV) = 96mm × 96mm, image matrix = 64 × 64, slice thickness = 

1.5mm, 30 directions with b-value = 1000s/cm2. T1-weighted images were collected with 

3D magnetization-prepared gradient-echo (MP-RAGE) sequence with the parameters: TR = 

2500ms, TE = 3.33ms, FOV = 96mm × 96mm, flip angle = 8 degree, TI = 950ms, image 

matrix = 192 × 192, slice thickness = 1mm, 112 slices.

During the data acquisition, the B0 field was first shimmed with the commercially available, 

vendor-offered default shimming mechanism, which was automatically initiated when 

starting the “localizer” scan. With the default shimming process, B0 field maps were initially 

obtained at a defined reference starting set of 1st and 2nd order shim settings using a low 

spatial resolution three-dimensional (3D) double-echo steady state (DESS) acquisition [17, 

18] with both echoes defined so that fat and water magnetizations were in phase. The 

scanning parameters of the 3D DESS acquisition included 500mm × 375mm × 500mm 

volume and image matrix = 64 × 48 × 64, resulting in a voxel size of 7.8 × 7.8 × 7.8 mm3. 

Phase difference maps computed from the two echoes produced the initial B0 field map. A 

localized adjustment volume subset defined by the slices to be acquired was then used to 

calculate the optimal shim settings within this volume.

Whenever the smearing artifacts were observed in DTI scans, a specific alternative shim 

sequence called GRESHIM was immediately used and the diffusion scan was repeated. In 

this GRESHIM sequence, a field map was generated from a single-slab dual-echo 3D 

gradient echo (GRE) acquisition with two in-phase echo times with respect to fat and water, 

and then used to calculate the shim currents to improve B0 homogeneity [19]. The scanning 

parameters of the GRESHIM sequence included FOV = 120 mm × 120 mm × 64 mm, image 

matrix = 256 × 256 × 64, TR=13 ms, TE = 4.1ms, flip angle = 35 degree. The field map 

estimation and B0 inhomogeneity correction were conducted inline on the scanner.

All DTI data processing was performed using the Syngo software on the Siemens scanner 

console.

Results:

The smearing artifacts were noticed within the brain regions in the fractional anisotropy 

(FA) maps and DWI images of adult macaque monkeys. Representative FA maps with the 

smearing artifacts are illustrated in Fig 1. The smearing artifacts occurred specifically in the 

phase-encoding direction.

Further observation in the DTI data of adult macaques revealed such artifacts were not seen 

in the same brain regions of DWI images without GRAPPA (Fig 2A–B), but were evident 

when the parallel imaging technique (GRAPPA) was applied (Fig 2C–D) and varied with 

different GRAPPA acceleration factors (data not shown).
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Adult macaque heads show much more pronounced supraorbital ridges than the human head 

and are wrapped with thick muscles (Fig 3A–B). When the smearing artifacts appeared, the 

field map analysis indicated poor shimming in the frontal skull by the default shimming 

procedure(Fig 3C), resulting in incomplete fat suppression and additional muscle signal 

reduction in the frontal area of T1-weighted images with fat suppression (Fig 3D). After 

applying the GRESHIM procedure, the B0 field was improved substantially, particularly in 

the frontal area, as shown in the field map (Fig 3E) and corresponding T1-weighted images 

(Fig 3F).

As a result, the smearing artifacts were reduced substantially in the DWI images after 

performing the specific re-shimming. As seen in Fig 4, one DTI data set of an adult macaque 

is shown to demonstrate the diffusion-weighted images with artifacts (Fig 4A) and without 

artifacts (Fig 4B) and the corresponding FA maps (Fig 4C).

Discussion:

In this study we investigated the smearing artifacts observed in DTI images of macaque 

brains scanned using parallel imaging technique on a high field clinical scanner. It is found 

that the artifacts are resulted from the residual fat signal due to incomplete fat suppression 

caused by the irregular geometry and anatomical structure of the frontal skull in NHPs. The 

artifact stains the brain FA maps and invalidates the DTI data analysis, but it can be reduced 

substantially with a specific B0 shimming procedure called GRESHIM.

Clinical scanners are designed specifically for human purpose and are usually configured 

with low strength gradient coils (4G/cm, slew rate = 200T/m/s). As an adult macaque 

monkey brain is much smaller than an adult human brain (~100cc vs ~1300cc), the spatial 

resolution must be increased substantially to obtain an acceptable image of a macaque brain, 

and accordingly results in increased echo time (TE) due to the requisite longer duration of 

the gradient pulsing. In addition, the TE will be elongated even more in DTI pulse sequences 

due to the demand of high gradient strength.

EPI images are usually degraded with distortion and signal drop-off in the tissues near 

regions with strong tissue susceptibility differences such as bone, sinus, and nasal cavities in 

the head. As seen in Fig 2A, the frontal part of the EPI images is seriously distorted and 

result in artifacts in the corresponding regions of FA maps (Fig 2B). After GRAPPA was 

applied, the image distortion was mitigated significantly (Fig 2C), but the smearing artifacts 

in the DWI images and FA maps of the brain remained (Fig 2C–D).

Previous studies have demonstrated that using parallel imaging technique can substantially 

reduce the susceptibility effect in DTI images of the macaque brain in a clinical setting. 

However, such benefits from parallel imaging technique are hindered because of the image 

artifacts reported in the present study for NHPs, invalidating the pixel-wise data analysis of 

DWI images and FA maps in the affected brain regions for brain connectivity or 

tractography study (Fig 2C–D).

The brain volume of an average adult macaque is much smaller than that of an adult human 

brain. Meanwhile, a macaque skull is much smaller than a human’s and has irregular 
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geometry and anatomy compared to the human’s. Especially, the supraorbital ridges of a 

macaque skull are much more pronounced than in a human skull which is larger and more 

rounded (Fig 3A–B). The heterogeneous structures of a macaque frontal head consist of 

frontal sinus, bones, fatty skins, bone marrow, muscle and exhibit a large area on the top of 

the frontal lobe, making the susceptibility effect much worse than that seen in the similar 

region of a human brain MRI image [20].

Further field map and T1-weighted imaging with and without fat suppression (Fig 3) 

suggested that the default field shimming (which is always automatically applied when 

starting scanning a new subject) works well in human brain scanning, but fail in macaque 

brain scanning (Fig 3C), causing evident B0 inhomogeneities and invalidated the fat 

suppression in the anterior head structure in T1-weighted imaging (Fig 3D). Fat suppression 

in this study was conducted using spectrally-selective RF pulses by default. Due to the field 

inhomogeneities, the fat signal from the B0-altered regions could not be suppressed 

effectively and resulted in residual fat signal (seen in T1-weighted images). Therefore, the 

DWI images and FA maps were contaminated with the residual fat signal due to chemical 

shift artifact, which was further complicated by the parallel imaging reconstruction 

algorithm.

In comparison with the conventional spectrally-selective fat saturation (a default mode in 

most clinical scanners), the Spectrally Adiabatic Inversion Recovery (SPAIR) technique uses 

a spectrally selective adiabatic inversion pulse to excite only fat spins and is insensitive to 

B1 inhomogeneity and available in most clinical scanners. With our experience in macaque 

brain imaging, the smearing artifact can be reduced slightly by using SPAIR, but not 

completely. This indicates that the B0 inhomogeneity is a major issue, not B1 

inhomogeneity (data not shown).

The default shimming package in the Siemens clinical scanner is hardcoded with a fixed 

encoding spatial resolution of 7.8mm x 7.8mm x 7.8mm voxels, providing adequate 

shimming for imaging human subjects. It is hypothesized that this low spatial resolution fails 

to converge on an optimal shimming solution in macaque brain scanning due to the over 10-

fold brain volume difference compared to human brain volume, and especially in regions 

containing localized susceptibility distortions. Also, as seen in our study, the B0 shimming 

status in the affected region could not be improved evidently by applying additional manual 

global shimming. Even though manual shimming in the affected region could improve the 

local B0 homogeneity in the affected region, but it alters the shimming status in other brain 

regions and can be very time-consuming and therefore increase the duration of anesthesia 

administration which can be a serious concern in NHP studies.

In contrast, the GRESHIM shimming procedure is based upon the GRE dual-echo 

acquisition with higher spatial resolution to estimate the B0-map and apply compensatory 

shim currents to reduce the local static field perturbation. The entire procedure is automatic 

and takes less than 1 minute. As shown in the present study, by using the novel GRESHIM 

shimming procedure, the entire B0 field can be improved substantially (Fig 3E), and so is 

the fat suppression efficacy around the frontal skull area (Fig 3F). As a result, the artifacts 

seen in DTI scans were reduced significantly and clean FA maps were achieved to ensure the 

Zhang et al. Page 5

J Med Primatol. Author manuscript; available in PMC 2019 August 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



success of further data analysis. Also, the DTI protocol with 30 gradient directions was used 

as an example in the present study to illustrate the image artifacts and evaluate the 

effectiveness of the artifact correction. As a future plan, the shimming procedure can be 

included in other DTI protocols with more gradient directions for better evaluation of white 

matter integrality or fiber tractography.

Sometimes the smearing artifact is not well pronounced in original DWI images (Fig 4) and 

may be overseen in data acquisition. Due to the large amount of DTI data acquisition or 

subjects, a lot of DTI data processing are carried out automatically with dedicated software 

such as FSL(www.fmrib.ox.ac.uk/fsl). As such automatic data analysis procedure is not able 

to detect the artifacts in the original DWI images, the derived DTI results could be biased 

with the smearing artifact. Therefore, we suggest checking the field map first before a DTI 

scan of a NHP brain.

Clinical high-field scanners have been equipped with increasing receiving channels to 

accelerate data acquisition or improve data quality using paralleling imaging technique. Due 

to their popularity and convenience in animal handling and experimental setting, they have 

been increasingly used for imaging various animals including various NHPs such as 

chimpanzee, macaque, squirrel monkey, marmoset or other smaller species like rodents. The 

anatomical dimension and geometry of NHP heads are generally irregular and very different 

from the human’s and may result in such image artifacts in DTI or other susceptibility-

vulnerable imaging modality scans. Due to the limited sample size in most NHP studies, one 

poor image data set may affect the significance in group comparison analysis. Therefore, it 

is critical to ensure the high quality of each DTI acquisition. Obviously, the smearing image 

artifacts could be solved with the proposed shimming procedure. In addition, DTI is a novel 

tool to evaluate the brain connectivity and white matter integrity but it is unable to delineate 

the crossing fibers within an individual voxel. In contrast, Q-ball imaging (QBI) [21], high 

angular resolution diffusion imaging (HARDI) [22], and diffusion spectrum imaging (DSI) 

[23, 24] can resolve fibers crossing but demand larger pulsed field gradients. Due to the 

gradient strength limitation on a clinical setting, such susceptibility-induced artifact can 

become even worse because of the increased TE for the demand of high b-values. Therefore, 

the proposed solution will be an effective approach to eliminate the image susceptibility-

associated artifacts in these diffusion-MRI studies when using a clinical scanner to scan 

NHP brains. Certainly, the specific shimming procedure is not limited to the specific MRI 

scanner used in the present study but also can be adapted in the clinical scanners with other 

brands and models to facilitate MRI examination of small animal subjects.

Conclusion

The irregular front skull geometry and anatomical structure of the macaque head results in 

incomplete fat suppression and detrimental smearing artifact in DTI images of macaque 

brains on a clinical setting. By using the robust GRESHIM shimming approach, the artifact 

can be eliminated substantially. In addition, such automatic shimming procedure could be 

promising to improve the local shimming and reduce image artifacts in other susceptibility-

vulnerable MRI modalities (functional MRI, DSI, susceptibility-weighted imaging, et al) for 

examining various NHP disease models.
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Fig 1. 
Representative FA maps contaminated with artifacts in macaque brains. A, B, C: acquired 

with anterior-posterior phase-encoding direction; D: acquired with left-right phase-encoding 

direction. Artifacts are marked with arrows.
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Fig 2. 
Diffusion-weighted images (DWI) of an adult macaque brain. A: DWI images acquired 

without GRAPPA; B: FA maps of data in A; C: DWI images acquired with GRAPPA 

(acceleration factor = 3); D: FA maps of data in C.
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Fig 3. Structural images of an adult macaque head. A: Sagittal T1-weighted structural Image of 
the monkey head. B: Axial T1-weighted image without fat suppression;
C: The original field map; D: T1-weighted image with fat suppression; E: The field map 

after re-shimming with GRESHIM; D: T1-weigted image with fat suppression.

The square boxes show the interested area with susceptibility effects.
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Fig 4. Diffusion-weighted images and FA maps of an adult macaque brain.
A: Normal axial images with FOV = 96 mm × 96mm and phase-encoding in anterior-

postorier; Image artifacts are marked with arrows.

B: After B0 shimming correction with GRESHIM (4 averages); C: FA maps of DTI images 

after B0-shimming correction.
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