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Recent studies at our institution have demonstrated an obesity problem among Helicop-
ter Emergency Medical Service Pilots, similar to obesity problems encountered in other 
militaries. As obesity is associated with poorer cognitive performance, it may endanger 
mission objectives and safety of the crew. Maintaining lean body mass is important, but 
the eff ects of various nutrients on the brain and its performance have to be investigated 
in animal studies. Here, we discuss the methodological issues related to evaluation of 
this matter in animal (rat) models. Using ROI analyses, we have recently observed that a 
one-year application of high fat diet (HFD) that induced mild ketonemia lead to better 
learning and memory, larger hippocampi volumes, as well as spectroscopic changes 
consistent with these results in Wistar rats compared to regular chow (CON; Setkowicz 
et al., 2015). Here, we applied voxel-wise analysis to determine focal changes in brain 
tissue structure. Furthermore, we compared the eff ects of template selection (Valdés-
-Hernández et. al. template vs. study specifi c template) on the results. 

Twenty fi ve male Wistar rats were put on HFD (60% calories from fat, 28% from sugars 
and 7% from proteins) on their 55th day of life, while 25 CON remained on regular chow. 
Structural T2-weighted TurboRARE images were acquired at 7T. Eighteen datasets acqu-
ired for CON, 18 datasets for HFD were selected for analyses. Image of each specimen 
was registered into the Valdés-Hernández et. al.  template or study-specifi c template 
created based on all the data.
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INTRODUCTION

Recent studies at our institution have demon-
strated an obesity problem among Helicopter 
Emergency Medical Service Pilots [8], fi refi ghters 
[12], similar to obesity problems encountered in 
the military [14,17,22]. As obesity is associated with 
poorer cognitive performance (reviewed in [11], 
it may endanger mission objectives and safety of 
the crew), maintaining lean body mass is impor-
tant, but the eff ects of various nutrients on the 
brain and its performance have to be investigated 
in animal studies. Here, we discuss the methodo-
logical issues related to the evaluation of this mat-
ter in animal (rat) models. In our study, evaluating 
the eff ects of one-year high fat diet (HFD), leading 
to mild ketonemia, on hippocampal size in Wistar 
rats we unexpectedly observed larger hippocam-
pal volumes compared to the control group fed 
with chow [16]. These changes were accompanied 
by better learning and memory skills throughout 
the experiment, as measured at an 8-arm maze, as 
well as higher concentrations of total NAA (tNAA: 
N-acetylaspartate and N-acetylaspartateglutame; 
marker of neuronal viability), total Cho (tCho: 
Glycerophosphocholine + Phosphocholine, which 
are believed to be primarily involved in cell mem-
brane breakdown and synthesis) and total Cr (tCr: 
creatine + phospo-creatine – involved in cell bio-
energetics).

In our volumetric analyses, we utilized a tem-
plate that was developed for rats between sixth 
and tenth week [20], whereas our animals were 
about 50 weeks old at the time of study. Further-
more, in our previous manuscript [16] we noted 
some similarities of our results to human studies 
on individuals on high fat diets. 

Here, we applied voxel-wise analysis to deter-
mine focal changes in brain tissue. Furthermore, 

we compared the eff ects of template selection 
(Valdés-Hernández et. al. template [20] vs. study 
specifi c template) on the results. Finally, we meas-
ured concentrations of total cholesterol, HDH cho-
lesterol, triglycerides, and blood glucose to evalu-
ate whether our diet lead to similar changes as low 
carbohydrate diets in humans that also provide 
60% energy from fat (e.g., [3-5,9]).

MATERIALS AND METHODS

Animals
The methods were described in detail in [16]. In 

short, male Wistar rats aged 45-50 days were ran-
domly divided into two groups, i.e. the rats on the 
HFD and the controls (CONs) fed a standard con-
trol diet (Labofeed-Morawski, Poland). The HFD 
provided 61% energy from fats, 28% from sugars, 
and 11% from proteins. The control diet provided 
14% energy from fats, 51% from carbohydrates, 
and 35% from proteins. The groups had similar 
caloric intake and the rats on the HFD had similar 
body mass as the CONs, consistent with previous 
studies that did not observe diff erences in body 
mass between obese and control groups (e.g., 
[1,13,15]). However, at the time of being sacrifi ced, 
the rats on the HFD had 38% more epididymis fat, 
an accepted marker of fatness in rats [10], consist-
ent with the planned eff ects of the diet. Blood lev-
el of sugar in the rats on the HFD was signifi cantly 
elevated after the 8th month of the experiment, 
but still within normal values. Blood concentra-
tions of ketone bodies were elevated throughout 
the experiment in the rats on the HFS compared 
to the CONs, reaching the range of mild ketone-
mia [6]. At the time of being sacrifi ced, the rats on 
the HFD had 5.8% heavier brains than the CONs. 

Hippocampal volumes were larger in rats on the HFD than in controls, especially in 
the hippocampal CA1 fi eld, but also in the surrounding cortical areas including entor-
hinal and temporal association cortex, regardless of the template used. Analysis with 
a study specifi c template does not show regions of smaller volumes in the HFD group  
compared to the CON. 

The results confi rm our ROI fi ndings of larger hippocampal volumes in rats on the HFD, 
but also point to focal volume increases. Our results do not support the thesis that 
HFD per se does not necessarily lead to degeneration of the nervous system. They also 
point to the need of using a study specifi c template, as it is common in human studies.

magnetic resonance imaging, voxel-based morphology, template, high-fat diet, in-vivo, 
hippocampus, long-term eff ect
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the N4 algorithm [19] to correct for intensity inho-
mogeneity. Afterwards, a single image was cho-
sen randomly and the brain outline was drawn 
semi automatically using the ITK-Snap software 
[23] and transferred to the other images using the 
Symmetric normalization (SyN) nonlinear image 
registration algorithm (the ANTS software pack-
age [2]). Skull stripped brain images were then 
parceled by warping to the template proposed 
by Valdes-Hernandez et al. [20] that included 
50 brain, mostly cortical regions. This template 
was extended by manual parcellation of the hip-
pocampus. All parceled images were visually re-
viewed to assure quality. Exemplary parcellation 
of the hippocampi is depicted in fi g. 4. Absolute 
volumes were reported. Additionally, to account 
for intersubject variability, hippocampal volumes 
were scaled to the whole brain and compared be-
tween groups.

Eighteen datasets acquired for the CONs and 
18 datasets for the rats on the HFD were select-
ed for analyses. To be included, they needed to 
contain the entire brain with olfactory bulb and 
cerebellum, as well as pass our stringent qual-
ity control criteria. Images resampled to isotropic 
resolution of 125μm/vox and processed with N4 
algorithm to correct for intensity inhomogene-
ity. Image of each specimen was registered into 
the Valdés-Hernández et. al. [20], template or the 
study-specifi c template using the SyN algorithm 
[2] resulting in a series of deformation fi elds. A 
Jacobian determinant of each deformation fi eld 
was then computed and modulated with a gray 

The details can be found in [16]. All animals under-
went a structural MRI study at their 12th month 
of life. All procedures involving the use of animals 
were approved by the Bioethical Commission of 
the Jagiellonian University in Krakow, Poland, in 
accordance with international standards.

Magnetic Resonance image acquisition 
and processing

At one month and at 12 months, brains of the 
examined animals were scanned with the Bruker 
BioSpec 70/30 Avance III  system working at 7T, 
with a transmit cylindrical radiofrequency coil (15 
cm inner diameter) and a receive-only coil array  
(2x2 elements) positioned over the animal’s head. 
The animals were positioned prone with the head 
placed in the stereotactic apparatus and were an-
esthetized with a 1.5% isofl urane in a mixture of 
oxygen and air. Respiration, heart rate, and oxy-
gen saturation were monitored throughout the 
experiment. Rectal temperature was kept at 37OC 
by placing the animal on top of a temperature 
controlled warm water blanket. Tripilot scans were 
used for accurate positioning of the animals inside 
the magnet. 

Structural MR images covering the brain with-
out the olfactory bulb were acquired with T2-
weighted TurboRARE (TR/TE=4700/30ms, RARE 
factor=4, resolution=125x 125x500μm, no gap, 
NEX=7, TA=27 min) for brain parcellation (see be-
low).

MR images were resampled to an isotropic 
resolution of 125μm/vox and then processed with 

Fig. 1.  Regions of larger volume in rats on the HFD than in CONs ; Valdés-Hernández template was used (selected slices). 
Please note focal contractions. P-values maps of local, voxel-wise volume expansions (black-red-yellow-white) 
and contractions (magenta-blue).
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plate. Interestingly, when using literature-based 
atlas [20], we also observed tissue contractions 
that were not observed with the study specifi c 
template.

The results confi rm our ROI fi ndings of larger 
hippocampal volumes in rats on the HFD [16]. 
Moreover, the use of the study specifi c template 
yielded similar regions of tissue expansion due to 
the HFD, but regions of tissue contraction were 
absent.

Rats on the HFD exhibited higher blood glu-
cose (measured in the evening, so refl ecting fast-
ing blood glucose) than the controls, but within 
normal range. Lower total cholesterol and a trend 
for lower triglycerides are not commonly associat-
ed with high fat diets. However, high fat diets with 
low carbohydrate content do not necessarily lead 
to elevated cholesterol and triglyceride content 
[7,9]. Interestingly, low carbohydrate diets that 
generally provide about 60% of calories from fat 
were proven to lead to weight loss and remission 
of diabetes (e.g., [18]), although in real life, due to 
poor compliance, the caloric intake from carbohy-
drates reaches even 45% (reviewed in [21]). Such 
low carbohydrate diets are designed to induce 
ketonemia.

CONCLUSION

The results confi rm our ROI fi ndings of larger 
hippocampal volumes in rats on the HFD, but also 
point to focal volume increases in the temporal 
association cortex and the entorhinal cortex. Our 
results do not support the thesis that the HFD per 
se leads to degeneration of the nervous system. 

matter probability, blurred with a Gaussian fi lter of 
250μm. In the second approach, a study specifi c 
template [2] based on all 36 specimen was gener-
ated. Further procedures were analogous to those 
described in [20].

Statistical analyses
Signifi cance of the diff erences between the 

CONs and the rats on the HFD was determined 
with a two-sample unpaired t-test. The Threshold-
Free Cluster Enhancement permutation method 
[3] was used to threshold t-maps (FSL-randomize 
software). The tests utilized 10,000 permutations 
and p=0.05 was chosen as a signifi cance thresh-
old.

RESULTS

Hippocampal volumes are larger in rats on the 
HFD than in controls, especially in the hippocam-
pal CA1 fi eld, but also in the surrounding cortical 
areas, regardless of the template used (see fi g. 1 
and fi g. 2). Analysis with a study-specifi c template 
does not show regions of smaller volumes in the 
rats on the HFD, as compared to the CONs (com-
pare fi g. 1 and fi g. 2).

Discussion
All cross-sections for the Valdés-Hernández 

template and for the study specifi c template, re-
spectively, are depicted in fi g. 3 and fi g. 4.

We observed volumetric increases in the hip-
pocampi and point to focal volume increases in 
the temporal association cortex, the entorhinal 
cortex, and others using the study specifi c tem-

Fig. 2.  Regions of larger volume in rats on the HFD than in CONs (selected slices); study specifi c template was used. No 
volume contractions visible. P-values maps of local, voxel-wise volumes expansions (black-red-yellow-white) 
and contractions (magenta-blue).
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er, the animal models may be used to evaluate the 
eff ects of selected nutrients on the brain.

Furthermore, our results support the use of study-
specifi c templates in animal studies. Taken togeth-

Fig. 3.  Regions of larger volume in rats on the HFD than in CONs (all cross-sections); Valdés-Hernández  template was 
used. Please note focal contractions. P-values maps of local, voxel-wise volumes expansions (black-red-yellow-
white) and contractions (magenta-blue).

Fig. 4.  Regions of larger volume in rats on the HFD than in CONs (all cross-sections); study specifi c template was used. 
No volume contractions visible. P-values maps of local, voxel-wise volumes expansions (black-red-yellow-white) 
and contractions (magenta-blue).
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