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Abstract 45 
 46 

Growth hormone receptor deficiency (GHRD) results in short stature, enhanced insulin 47 
sensitivity, and low circulating levels of insulin and insulin-like growth factor 1 (IGF-1). 48 
Previous studies in mice and humans suggested that GHRD has protective effects 49 
against age-related diseases, including cancer and diabetes. Whereas GHRD mice 50 
show improved age-dependent cognitive performance, the effect of GHRD on human 51 
cognition remains unknown. Using magnetic resonance imaging (MRI), we compared 52 
brain structure, function, and connectivity between 13 people with GHRD and 12 53 
unaffected relatives. We assessed differences in white matter microstructural integrity, 54 
hippocampal volume, subregional volumes, and cortical thickness and surface area of 55 
selected regions. We also evaluated brain activity at rest and during a hippocampal-56 
dependent pattern separation task. The GHRD group had larger surface areas in several 57 
frontal and cingulate regions and showed trends toward larger dentate gyrus and CA1 58 
regions of the hippocampus. They had lower mean diffusivity in the genu of the corpus 59 
callosum and the anterior thalamic tracts. The GHRD group showed enhanced cognitive 60 
performance and greater task-related activation in frontal, parietal, and hippocampal 61 
regions compared to controls. Furthermore, they had greater functional synchronicity of 62 
activity between the precuneus and the rest of the default mode network at rest. The 63 
results suggest that compared with controls, GHRD subjects have brain structure and 64 
function that are more consistent with those observed in younger adults reported in 65 
previous studies. Further investigation may lead to improved understanding of 66 
underlying mechanisms and could contribute to the identification of treatments for age-67 
related cognitive deficits. 68 
  69 
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Significance 70 
 71 

People and mice with growth hormone receptor deficiency (GHRD or Laron syndrome) 72 
are protected against age-related diseases including cancer and diabetes. However, in 73 
humans it is unknown whether cognitive function and brain structure are affected by 74 
GHRD. Using magnetic resonance imaging, we examined cognition in an Ecuadorian 75 
population with GHRD and their unaffected relatives. The GHRD group showed better 76 
memory performance than their relatives. The differences in brain structure and function 77 
we saw between the two groups were not consistent with variations typically associated 78 
with brain deficits. This study contributes to our understanding of the connection 79 
between growth genes and brain aging in humans and provides data indicating that 80 
GHR inhibition has the potential to protect against age-dependent cognitive decline.81 
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Introduction 82 
GHRD in humans is caused by mutations in the growth hormone receptor (GHR) gene 83 
that lead to both insulin and IGF-1 deficiency. GHR signaling is responsible for ~90% of 84 
circulating levels of IGF-1 (Zhou et al., 1997), a factor which affects brain structure and 85 
function during development and aging. IGF-1 stimulates adult hippocampal 86 
neurogenesis in rodents, and increased IGF-1 levels have been associated with 87 
improved spatial learning in mice (Trejo, Llorens-Martin, & Torres-Aleman, 2008). Lower 88 
blood IGF-1 levels are associated with worse cognition in healthy older adults (Deijen, 89 
Arwert, & Drent, 2011), and IGF-1 also protects against amyloid accumulation and 90 
amyloid-induced cell death such as that found in Alzheimer’s disease (AD; Carro, Trejo, 91 
Gomez-Isla, LeRoith, & Torres-Aleman, 2002). However, recent reports have proposed 92 
that, as for insulin, chronically high levels of IGF-1 can induce IGF-1 resistance, which 93 
may contribute to neurodegeration (Spielman, Little, & Klegeris, 2014). Indeed, our 94 
recent work has shown that periodic cycles of restriction in essential amino acids, 95 
leading to an IGF-1 deficient state, prevent age-dependent cognitive decline in an AD 96 
mouse model (Brandhorst et al., 2015). Periodic cycles of a fasting diet reduce 97 
hippocampal IGF-1 levels while increasing IGF-1 receptor mRNA expression and 98 
hippocampal neurogenesis (Brandhorst et al., 2015). Likewise, mice deficient in 99 
circulating IGF-1 due to either a GH or GHR deficiency display improved age-dependent 100 
cognitive performance compared to controls (Kinney-Forshee, Kinney, Steger, & Bartke, 101 
2004). 102 

Past studies of intelligence in humans with GHRD have also been mixed. Some 103 
affected individuals show normal intelligence (Kranzler, Rosenbloom, Martinez, & 104 
Guevara-Aguirre, 1998) and normal brain appearance, while others show varying 105 
degrees of parenchymal loss and below average intelligence (Shevah, Kornreich, 106 
Galatzer, & Laron, 2005). These mixed findings may partially be explained by the 107 
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different nature of specific GHR mutations, which may differently affect GHR and IGF-1 108 
function during development, by variable degrees of inbreeding of the background 109 
populations, or by coexisting brain disease of miscellaneous etiologies.  110 

GH and GHR deficient mice display record longevity extension for mice and a 111 
remarkably healthy phenotype throughout their lifespan (Bartke & Brown-Borg, 2004). 112 
Similarly, our previous results showed that humans with GHRD, due to a splice site 113 
mutation at codon 180, exon 6 of the GHR (E180), have a very low incidence of cancer 114 
and diabetes (Guevara-Aguirre et al., 2011). Here, we examined how this mutation 115 
affects brain structure and function. Participants were recruited from the Institute of 116 
Endocrinology, Metabolism, and Reproduction (IEMYR) of Quito, Ecuador, and brought 117 
to the University of Southern California (USC) in Los Angeles for cognitive testing. 118 
Thirteen young and middle-aged adults with GHRD and 12 of their relatives underwent 119 
MRI and cognitive assessment. Because of the known effects of IGF-1 on the cortex, 120 
myelin, and hippocampus, we included structural analyses focusing on these regions. 121 
Using fMRI we evaluated hippocampal function while participants performed a pattern 122 
separation task known to rely on the dentate gyrus and CA3 of the hippocampus in older 123 
adults (Yassa et al., 2011). 124 

Based on prior work in GHR knock-out mice (Ransome, Goldshmit, Bartlett, 125 
Waters, & Turnley, 2004) and on our observations related to interventions that decrease 126 
IGF-1 in rodents (Brandhorst et al., 2015) and humans (Guevara-Aguirre et al., 2011; 127 
Guevara-Aguirre et al., 2015), we tested the hypothesis that compared with controls, 128 
individuals with GHRD may also have an imaging profile consistent with that of younger 129 
individuals. After the main analyses comparing the two groups, we further investigated 130 
whether our results were explained by variability in circulating levels of IGF-1 and 131 
IGFBP-1. IGFBP-1 is an IGF binding protein that typically reduces IGF-1 action (Lee, 132 
Giudice, Conover, & Powell, 1997). IGFBP-1 expression is controlled mainly through 133 
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insulin signaling. Lower insulin levels, as detected in GHRD subjects (Guevara-Aguirre 134 
et al., 2015), are associated with elevated IGFBP-1 expression (Clemmons, 1997). 135 

 136 
Methods  137 
Study participants 138 
Participants were recruited and screened at the IEMYR in Ecuador, and all neurological 139 
and cognitive testing was conducted at the USC Dana and David Dornsife Neuroimaging 140 
Center. We scanned 25 participants (13 with GHRD and 12 unaffected relatives; age 24-141 
54; mean 39.3 years; 6 males and 19 females; Table 1). The GHRD participants were 142 
homozygous for an A-to-G splice site mutation at codon 180 in exon 6 of the growth 143 
hormone receptor (GHR) gene (E180 mutation). This mutation results in GHRD, 144 
characterized by very low (≤20 ng/ml) circulating IGF1 levels and is associated with 145 
severe short stature (Guevara-Aguirre et al., 2011). The controls are relatives of the 146 
GHRD participants with one wild-type and 11 heterozygous carriers for the E180 147 
mutation. Participants were native Spanish speakers residing in Ecuador, and all 148 
neuropsychological assessments were administered in Spanish. They signed written 149 
informed consent approved by the University of Southern California Institutional Review 150 
Board. One participant in the GHRD group was excluded from all analyses due to a 151 
brain structural abnormality. This participant had a Chiari type I hindbrain malformation 152 
with hydromyelia of the cervical spinal cord. Another GHRD participant was excluded 153 
from fMRI analyses due to scanner artifacts. Two GHRD participants were excluded 154 
from the pattern separation analyses because their tasks responses were not properly 155 
recorded. 156 
 157 
Assays and genotyping 158 
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We measured plasma levels of total IGF-1 and free IGFBP-1. Total plasma IGF-1 was 159 
measured using an in-house kit developed by the Cohen laboratory using a double-160 
monoclonal antibody ELISA with a sensitivity of 0.1 ng/ml and intra- and inter-assay 161 
coefficients of variation of <6 and <8%, respectively, in the range 1–6 ng/ml (Muzumdar 162 
et al., 2006). Free plasma IGFBP-1 was measured using a Quantikine ELISA kit 163 
(DGB100, R&D Systems). Because of the positive skew to the IGFBP-1, and to a lesser 164 
extent, IGF-1 values, we performed a log transformation on these values before 165 
including them in our statistical analyses. These log-transformed measures are indicated 166 
here by IGF-1log10 and IGFBP-1 log10. 167 

Saliva samples were collected with the Oragene OG-250 DNA collection kit (DNA 168 
Genotek Inc., Ontario, Canada) and processed according to manufacturer’s protocol. 169 
Genotyping of the Ecuadorian splicing mutation (E180: A to G; Rosenfeld, Rosenbloom, 170 
& Guevara-Aguirre, 1994) was performed using PCR with primers: 5’-171 
cattgccctcaactggactt-3’ (Forward), 5’-cattttccatttagtttcatttact-3’ (Reverse, for WT), and 5’-172 
cattttccatttagtttcatttacc-3’ (Reverse, for mutant) and cycling condition: 95°C, 2’; [94°C-173 
45”, 57.5°C-45”, 72°C-45”]x35; 72°C-7’. 174 
 175 
MRI acquisition 176 
Imaging was conducted with a 3 T Siemens MAGNETOM Trio scanner with a 12-177 
channel matrix head coil at the USC Dana and David Dornsife Neuroimaging Center. We 178 
acquired T1-weighted 3D structural MRI brain scans using a Magnetization Prepared 179 
Rapid Acquisition Gradient Echo (MPRAGE) sequence (TR/TE = 2530/3.13 ms; FOV = 180 
256 x 256 mm; 256 x 256 mm acquisition matrix; 1 x 1 x 1 mm3 voxels/0 mm gap). To 181 
evaluate hippocampal subregions, we used a high-resolution T2-weighted scan acquired 182 
perpendicular to the long axis of the hippocampus (TR/TE = 10,000/88 ms; FOV 180 x 183 
180 mm; 256 x 256 mm acquisition matrix; 40 3-mm slices/0 mm gap; 3 averages; 0.7 x 184 



Brain structure and function 
 

 

8

8

0.7 x 3 mm3 resolution). Participants also underwent fMRI scanning (TR/TE = 2000/25 185 
ms; FOV = 192x 192mm; 64 x 64mm acquisition matrix; flip angle (FA) = 90°; 186 
Bandwidth=2520Hz/Px; 41 3-mm oblique axial slices; 210 images) and diffusion tensor 187 
imaging scans (TR/TE = 8100/69 ms; FOV = 256 x 256 mm; acquisition matrix 128 x 188 
128 mm). Each participant’s scan included 1 b0 and 64 diffusion-weighted images (b = 189 
1000 s/mm2). 190 
Structural analyses 191 
Cortical thickness, surface area, and hippocampal volume preprocessing 192 
We examined cortical regions selected a priori because they were hypothesized to be 193 
preferentially affected by IGF-1 and/or were identified as showing significant differences 194 
between diagnostic groups in our fMRI analyses (Table 2). The T1-weighted structural 195 
images were used to calculate the bilateral mean cortical thickness, surface area, and 196 
hippocampal volume in these three main regions: frontal, medial temporal, and cingulate 197 
cortex (Table 2), selected for the following reasons: 1) IGF-1 and IGFR-1 can be found 198 
in primate frontal cortex (C. M. Cheng, Cohen, Wang, & Bondy, 2001; Xie et al., 2013). 199 
2) Physical activity promotes human brain regeneration, an effect that is dependant on 200 
IGF-1 (Carro, Nunez, Busiguina, & Torres-Aleman, 2000; Trejo, Carro, & Torres-Aleman, 201 
2001). These effects can be found in the hippocampus (Erickson et al., 2011; Pajonk et 202 
al., 2010), cingulate gyrus and prefrontal cortex (PFC; Colcombe et al., 2006; Floel et al., 203 
2010), suggesting the importance of IGF-1 signaling in these regions. 3) Medial temporal 204 
cortex was selected for its proximity to the hippocampus and vulnerability in cognitive 205 
aging. 4) Since a significant group difference was found in the precuneus in the resting 206 
state functional analysis, we also examined structural differences in this region. We 207 
evaluated right and left ROIs separately only for those regions that showed significant 208 
mean bilateral group differences. 209 
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We preprocessed the whole brain structural scans as follows. First, we created a 210 
brain mask using the Analysis of Functional Neuroimages (AFNI) 3dSkullStrip tool 211 
(http://afni.nimh.nih.gov/afni/). We used the Advanced Neuroimaging Tools (ANTs) 212 
(http://stnava.github.io/ANTs/) N4 tool, with the brain mask generated in AFNI, and a b-213 
spline distance of 100 mm to perform bias correction (Tustison et al., 2010). We then 214 
used the FreeSurfer image analysis suite (v5.3.0; http://surfer.nmr.mgh.harvard.edu/) on 215 
the N4-corrected images to perform fully automated cortical reconstruction, GM 216 
segmentation, and calculation of cortical thickness as described previously (Dale, Fischl, 217 
& Sereno, 1999; Fischl & Dale, 2000). We also used FreeSurfer to perform an initial 218 
segmentation of the hippocampus from surrounding tissue. A single researcher, blind to 219 
all demographic and diagnostic information, reviewed and manually edited the gray-220 
white cortical boundaries and hippocampal segmentations as needed, using TKMedit 221 
and FreeView software, respectively. Hippocampal segmentations were edited using a 222 
standardized segmentation protocol (Frisoni et al., 2015). FreeSurfer segmented the 223 
cortex into 34 regions in each brain hemisphere. Of these regions, we limited our 224 
statistical analyses to 14 regions (Table 2) averaged across right and left hemispheres to 225 
optimize our statistical power. 226 

To adjust for head size differences, we divided each surface area region and the 227 
hippocampal volumes by the intracranial volume (ICV). We used FreeSurfer (v5.3.0), to 228 
estimate intracranial volume as the template ICV multiplied by the inverse of the 229 
determinant of the transformation matrix that aligned individual T1-weighted scans to 230 
that template. To ensure that this estimation was not inappropriately influenced by 231 
smaller head size, we compared the ICV values with the volumes of visually inspected 232 
FreeSurfer skull-stripped brains. In these young and middle-aged adults, atrophy was 233 
minimal so we expected total brain size and ICV to be closely related, as they were (r = 234 
0.97; p = 3.6 x 10-15). The difference between brain volume and ICV was not significantly 235 
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correlated with diagnostic group (r = 0.10; p = 0.64), suggesting that the estimation of 236 
ICV was not affected by head size in a manner that would influence study results. There 237 
are multiple widely-used ways to adjust for head size in studies of regional brain volume 238 
or surface area. Because of this, in addition to adjusting the volumes of the 239 
hippocampus and hippocampal subregions and our selected cortical surface areas by 240 
intracranial volume in a proportional manner (i.e., dividing by ICV), we performed 241 
analyses in which raw volume and surface area measures were used and ICV was 242 
included as a covariate in our multiple regression models.  243 
Hippocampal subregion analyses 244 
The hippocampal high-resolution T2-weighted scans were used to calculate the 245 
hippocampal subregion volumes for CA1, the dentate gyrus (DG), and a region that 246 
included CA2 and CA3 (CA23). We calculated volumes using the Automatic 247 
Segmentation of Hippocampal Subfields (ASHS) tool. We evaluated the mean of right 248 
and left for each hippocampal subregions, divided by the ICV for that participant to 249 
adjust for differences in head size.  250 
Diffusion tensor imaging analyses 251 
We calculated fractional anisotropy (FA) and mean diffusivity (MD). FA represents the 252 
degree to which water diffusion is directionally constrained. Lower FA, typically 253 
associated with neurological disease symptoms and slower nerve conduction 254 
(Thomason & Thompson, 2011), may indicate demyelination or less brain fiber 255 
coherence. MD represents the mean of the eigenvalues along the three primary axes of 256 
water diffusion. It tends to be higher in tissues that are less dense. Lower MD may 257 
reflect greater neural plasticity (Sagi et al., 2012). Both FA and MD may also be 258 
influenced by factors such as fiber coherence and fiber crossings, which do not 259 
necessarily reflect white matter integrity (Jones, Knosche, & Turner, 2013). 260 
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First, we removed non-brain matter from the T1-weighted images using FreeSurfer 261 
(v5.3.0), and linearly transformed (9 degrees of freedom; dof) the skull-stripped brains to 262 
Montreal Neurologic Institute (MNI) standard template (MNI152) space using FSL FLIRT 263 
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). Next, we used FSL eddy correct 264 
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/EDDY) to correct for eddy current-induced distortions 265 
and participant movements in the diffusion scans. We linearly transformed (9 dof) the 266 
eddy-corrected DTI scans to MNI space and used FSL’s dtifit tool on those scans to 267 
calculate fractional anisotropy (FA) and mean diffusivity (MD).  268 

To aid in aligning white matter tracts, we created a study-specific FA template based 269 
on all participants in the study. To do this, we first used Advanced Normalization Tools 270 
(ANTs) to create a minimal deformation template based on all T1-weighted scans (MDT-271 
T1) in the study (Avants et al., 2010). We used ANTs antsRegistration tool to non-272 
linearly transform each participant’s T1-weighted scan to the MDT-T1. We then used the 273 
antsApplyTransforms tool to apply those non-linear transformations to the FA and MD 274 
maps, which were already linearly aligned to the T1-weighted scans. This likewise 275 
transformed the FA and MD maps to MDT-T1 space. Next, we used ANTs to create a 276 
study-specific FA template (MDT-FA) based on the FA maps that had been non-linearly 277 
transformed to MDT-T1 space. We used antsRegistration to non-linearly transform each 278 
FA map in MDT-T1 space to the MDT-FA, and applied those transformations to the MD 279 
images to non-linearly align them to the MDT-FA. 280 

We created a FreeSurfer-derived white matter segmentation mask for each 281 
participant. From this, we created a white matter template brain that included only voxels 282 
that are considered white matter in all participants. Statistics were evaluated only in 283 
those voxels. 284 

FA and MD differences between the GHRD and control groups were assessed, 285 
while adjusting for age, sex, and ICV (Takao, Hayashi, Inano, & Ohtomo, 2011). 286 
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Statistical analyses  287 
We compared ICV in GHRD participants versus controls using multiple linear regression, 288 
controlling for sex. We evaluated group differences in ICV-adjusted cortical surface area 289 
and for cortical thickness in each of 14 mean bilateral FreeSurfer regions of interest 290 
(Table 2). We further investigated the significant correlations by evaluating the 291 
relationship between the ICV-adjusted surface areas and circulating IGF-1log10 and 292 
IGFBP-1log10 levels, while controlling for age, sex, and education. We then ran the same 293 
analyses, this time controlling for age, sex, education, and GHRD status (i.e., GHRD vs. 294 
control) to evaluate what relationship, if any, IGF-1 log10  or IGFBP-1log10 levels had to 295 
regional cortical surface area independent of GHRD status. We also performed an 296 
additional supplementary analysis of cortical surface area in the same 14 regions, but 297 
controlling for ICV as a regression covariate rather than dividing by it. Age, sex, and 298 
years of education were included as covariates in all analyses. We did not adjust for ICV 299 
when evaluating cortical thickness, which is thought to be independent of head size 300 
(Barnes et al., 2010). Within each analysis, we used the false discovery rate (FDR) to 301 
control for multiple comparisons when evaluating the relationship between mutation 302 
status and surface area across the regions of interest that were evaluated (i.e., 14 303 
comparisons). Using FDR, a result is considered significant if its p value is below a 304 
critical p value calculated to control false positives at the conventional rate of less than 305 
5% (q = 0.05). 306 

Surface area in a given region may appear greater because of different delineation 307 
of regions between groups. If this were the case, we might see GHRD associated with 308 
greater surface area in one region and with smaller surface area in the adjacent areas. 309 
To further evaluate our significant findings, we tested this by performing an additional 310 
surface area analysis of all 34 FreeSurfer cortical regions (bilateral means), again 311 
controlling for age, sex, and education. 312 
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In an exploratory analysis, we evaluated differences in vertexwise cortical thickness 313 
between GHRD participants and controls, controlling for age, sex, education, and ICV. 314 

Using multiple linear regression, we evaluated group differences in ICV-adjusted 315 
mean hippocampal volume, and ICV-adjusted mean CA1, DG, and CA23 subregions, 316 
covarying for age, sex, and education. We also performed a supplementary analysis of 317 
gross hippocampal and hippocampal subregional volumes, but controlling for ICV as a 318 
regression covariate rather than dividing by it. 319 

We assessed voxelwise DTI FA and MD differences between GHRD participants 320 
and controls, while adjusting for age, sex, and ICV. We corrected for voxelwise multiple 321 
comparisons (FDR q = 0.05). To ensure that our significant results did not relate to 322 
differences in education level, we ran the same voxelwise analysis, controlling for age, 323 
sex, ICV, and years of education. We further investigated the significant correlations by 324 
evaluating the relationship between DTI voxelwise MD and IGF-1log10 and IGCBP-1log10 325 
levels, while controlling for age, sex, education, and ICV. We then ran the same 326 
analysis, this time controlling for age, sex, education, ICV, and GHRD status to evaluate 327 
what relationship, if any, IGF-1 and IGFBP-1 levels had to DTI MD independent of 328 
GHRD status. 329 
Functional MRI preprocessing and analyses 330 
Behavioral Task in the Scanner 331 
We used a modified version of the pattern separation task used by Yassa et al. (2011) 332 
(Figure 1). Participants viewed a series of pictures in four blocks. In each block, 32 out of 333 
80 pictures appeared with a red border, indicating a new picture to be remembered for a 334 
later test. The rest of the 48 images were “test pictures”, equally divided into three 335 
categories: 16 foils, 16 lures, and 16 repetitions. Foils were previously unviewed pictures 336 
that were not indicated as new. Lures were similar to a previously viewed picture. 337 
Repetitions were identical to a previously viewed picture. Participants pressed buttons to 338 
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indicate whether each test picture was “new,” or “similar” to, or the “same” as a prior 339 
picture in the same block.  340 
 As in Yassa et al (2011), we computed a separation bias score, which represents 341 
the likelihood that the item was correctly identified. This score was calculated as the 342 
proportion of lure items called similar minus the proportion of foils called similar 343 
(p[similar/lure] – p[similar/foil]). The group difference in this score was evaluated using a 344 
univariate analysis while controlling for age, sex, and education. 345 
Data preprocessing 346 
We used FMRIB's Software Library (FSL; www.fmrib.ox.ac.uk/fsl), which included 347 
motion correction with MCFLIRT, spatial smoothing with a Gaussian kernel of full-width 348 
half-maximum 5 mm, high-pass temporal filtering equivalent to 100 seconds, and skull 349 
stripping of structural images with BET. Registration was performed with FLIRT; each 350 
functional image was registered to both the participant’s high-resolution brain-extracted 351 
structural image and the study specific template. 352 
Whole-brain analysis 353 
Whole-brain analyses were conducted using FSL FEAT v. 6.00 (FMRIB’s Software 354 
Library, www.fmrib.ox.ac.uk/fsl). For each run for each participant, stimulus-dependent 355 
changes in BOLD signal were modeled with six regressors based on trial type and 356 
behavioral responses. The first four regressors were correct responses, including, lures 357 
called similar (“similar”), repetitions called same (“same”), foils called new (“new”), and 358 
red borders called new (“border”). The border was a regressor of no interest. As in 359 
previous studies, “new” served as baseline. The next two regressors were error trials; 360 
lures called same (error_lure) and the rest of the error trials of no interest (error_rest). 361 
Error_lure was separately modeled from the rest of the errors due to the fact that previous 362 
studies have shown aging effects in the similar > error_lure contrast (Yassa et al., 2011). 363 
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For each participant, we examined brain activity differences for: 1) similar > 364 
baseline, 2) same > baseline, and 3) similar > errorlure. The regressors were convolved 365 
with a double-gamma hemodynamic response function and its temporal derivative with 366 
the six head movement parameters as nuisance variables. Temporal filtering was also 367 
applied to the model. The resulting images were entered into the second-level analysis 368 
to estimate average activation across four blocks for each participant. At the third-level 369 
(group level), we evaluated group differences in brain activation in each of the contrasts 370 
above while controlling for age, sex, education, and ICV. Z (Gaussianised T/F) statistic 371 
images were thresholded at the whole-brain level using clusters determined by Z > 2.3 372 
and a corrected-cluster significance threshold of p = 0.05 (Worsley, 2001). We also 373 
examined the relationship between brain activation and circulating IGF-1log10, and 374 
between brain activation and IGFBP-1log10 levels, while controlling for age, sex, 375 
education and ICV using the same threshold. 376 
Regions-of-interest (ROI) analyses 377 
ROI analyses were conducted for the left and right hippocampi. We created the masks 378 
by transforming the Harvard-Oxford defined hippocampi to our study template using 379 
ANTs and FSL FLIRT. ROI analyses for the hippocampal subfields (CA23/dentate gyrus 380 
and CA1) were also performed, given their key roles in this task (Bakker, Kirwan, Miller, 381 
& Stark, 2008; Guzowski, Knierim, & Moser, 2004). Using univariate analyses, we 382 
evaluated group differences in mean percent signal change for each region. The masks 383 
were created for each participant based on our hippocampal high-resolution scans (see 384 
Hippocampal subregion analyses section) and were transformed to fMRI space using 385 
FSL FLIRT. In an exploratory analysis, we performed multiple linear regression analyses 386 
to examine the relationship between IGF-1log10 levels and brain activation in the regions 387 
showing a significant group difference. The same analyses were performed using 388 
IGFBP-1log10 levels. 389 
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Brain-behavior relationships 390 
We performed multiple linear regression analyses to test the association between 391 
behavioral performance (separation bias score) and fMRI activity (regional mean percent 392 
signal change) in the each region that showed a significant group difference.  393 
Resting state analyses 394 
The data were preprocessed in the same way as the task fMRI data. To examine group 395 
differences in functional connectivity for the default mode network, we selected a priori 396 
seed regions of interest, namely the bilateral posterior cingulate cortex/precuneus, and 397 
the left and right hippocampi. We defined the PCC based on previous research (Hedden 398 
et al., 2009); it was a 4 mm radius sphere in the PCC (MNI coordinate: 0, 53, 26).  We 399 
used the subject-specific hippocampal masks that were already segmented using 400 
FreeSurfer (see “Structural analyses Cortical thickness, surface area, and hippocampal 401 
volume preprocessing” section). Each subject’s hippocampi were transformed into fMRI 402 
space using mri_label2vol and flirt. For each seed ROI, the mean resting-state BOLD 403 
time series was extracted for each participant. The mean time series from each ROI was 404 
included in a GLM along with nine regressors of no interest, including six motion 405 
parameters, the time series of the white matter, the cerebrospinal fluid and the whole-406 
brain. We then evaluated group differences in functional connectivity using clusters 407 
determined by Z > 2.3 and a corrected-cluster significance threshold of p = 0.05. In 408 
addition, we examined the relationship between IGF-1log10 levels and functional 409 
connectivity with each seed region using the same threshold. The same analyses were 410 
performed using IGFBP-1log10 levels. 411 
Statistical functional analyses  412 
We controlled for age, sex, education, and ICV in all fMRI analyses. 413 
 414 
Results 415 
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Structural analyses 416 
Cortical surface area and thickness 417 
As expected, ICV was significantly smaller in GHRD participants versus controls after 418 
controlling for sex (R2[full model]=0.58; p[full model]=0.0001; p[partial contribution of 419 
GHR]=0.00005).  420 
After controlling for age, sex, and education, the ICV-adjusted regional surface area was 421 
significantly larger (FDR critical p=0.014) in GHRD participants in the frontal pole 422 
(p=0.002) and in caudal middle frontal (p=0.005), medial orbitofrontal (p=0.0006), rostral 423 
middle frontal (p=0.006), superior frontal (p=0.014), and rostral anterior cingulate 424 
(p=0.010) cortices.  425 

When IGF-1log10 was used as the independent variable rather than GHRD status 426 
(controlling for age, sex, and education), higher IGF-1log10 levels were significantly 427 
associated with smaller ICV-adjusted surface area in all of these same regions (except 428 
rostral middle frontal p =0.05) and additionally in the lateral orbitofrontal region (FDR 429 
critical p=0.0128; frontal pole p=0.00001; caudal middle frontal p=0.0007; medial 430 
orbitofrontal p = 0.00007; superior frontal p = 0.0007; and rostral anterior cingulate p = 431 
0.0015; lateral orbitofrontal p = 0.013).  432 

When IGFBP-1log10 was used as the independent variable rather than GHRD status 433 
(controlling for age, sex, and education), higher IGFBP-1log10 levels were significantly 434 
associated with larger ICV-adjusted surface area in all of the same regions as those 435 
associated with IGF-1 but with additional associations in the caudal anterior cingulate 436 
and parahippocampal cortex (FDR critical p=0.0275; frontal pole p=0.00094; caudal 437 
middle frontal p=0.00026; medial orbitofrontal p = 0.00024; superior frontal p = 0.00012; 438 
and rostral anterior cingulate p = 0.00007; lateral orbitofrontal p = 0.010; caudal anterior 439 
cingulate p = 0.011; parahippocampal cortex p = 0.0275).  440 
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We also examined free IGFBP-1, that is, IGFBP-1 that is not bound to IGF-1. To 441 
some extent levels of IGFBP-1 that remain free will depend on the amount of IGF-1 442 
available for binding, and the effect of IGF-1 will depend on the extent to which IGF-1 is 443 
inhibited by IGFBPs. We evaluated the effect of IGFBP-1log10 on surface area while 444 
controlling for IGF-1 log10, and the effect of IGF-1 log10 on surface area while controlling for 445 
IGFBP-1log10. We controlled for age, sex, and education in both analyses, and found no 446 
significant effect on surface area of IGF-1 independent of IGFBP-1 or of IGFBP-1 447 
independent of IGF-1. 448 

Next we assessed whether plasma IGF-1log10 or IGFBP-1log10 had a significant 449 
effect on surface area independent of GHRD status. We controlled for GHRD status in 450 
each analysis along with age, sex, and education. We found that higher IGF-1log10 was 451 
significantly associated with smaller surface area in the frontal pole, independent of 452 
GHRD status (p = 0.00076; FDR critical p = 0.00076). Higher IGFBP-1log10 was 453 
significantly associated with larger surface area in the rostral anterior cingulate (p = 454 
0.0031), superior frontal cortex (p = 0.0037), and pars opercularis (p = 0.0027), 455 
independent of GHRD status (FDR critical p = 0.0037). 456 

For the regions in which we found a significant effect of GHRD status, we then 457 
evaluated GHRD status group differences separately in the right and left hemispheres, 458 
controlling for age, sex, and education. The surface area was significantly (FDR critical 459 
p=0.017) greater in GHRD versus control in the right and left hemispheres, respectively, 460 
in the caudal middle frontal (p=0.012 and 0.010), medial orbitofrontal (p=0.010 and 461 
0.0002), and rostral middle frontal (p=0.008 and 0.017) cortices. The surface area of the 462 
rostral anterior cingulate (p=0.007) and superior frontal cortex (p=0.004) was 463 
significantly greater in GHRD participants in the left hemisphere only, and the surface 464 
area for the frontal pole (p=0.0006) was significantly larger in GHRD participants on the 465 
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right only. There were no significant group differences in cortical thickness in any of the 466 
regions evaluated, or in a supplementary vertexwise analysis.  467 

We then performed a supplementary analysis in all fourteen cortical regions of 468 
interest in which we evaluated the relationship between GHRD mutation and regional 469 
surface area, this time including ICV as a covariate along with age, sex, and education 470 
rather than dividing by ICV. Using this alternative analysis, surface area in the mean 471 
bilateral rostral middle frontal cortex was still larger in GHRD mutation carriers compared 472 
with controls (p = 0.001; FDR critical p = 0.001). Mean bilateral caudal middle frontal 473 
cortex showed a trend toward being larger in GHRD mutation carriers (p = 0.063). 474 

If the larger surface areas we found in GHRD participants in select areas were due 475 
to different automated delineation of cortical boundaries between groups, surface areas 476 
in adjacent areas may conversely appear larger in controls. To determine whether 477 
greater surface area in the GHRD participants was accompanied by smaller surface 478 
area in the adjacent regions, we evaluated differences between GHRD participants and 479 
controls in all 34 FreeSurfer cortical regions (bilateral means). After controlling for age, 480 
sex, and education, ICV-adjusted bilateral regional surface area was larger in GHRD 481 
subjects for all regions that showed a significant difference (Table 3). These results 482 
suggest that our differences may be related to increased gyrification in GHRD subjects 483 
rather than to differences in cortical region delineation. 484 

Another potential explanation for our results is that they are simply due to the 485 
different cortical geometry of smaller brains. However, in the general population, cortical 486 
surface area increases more with ICV than would be expected by a simple scaling factor 487 
(Im et al., 2008). Thus, in the normal population one would expect smaller brains to have 488 
less surface area after adjusting for ICV—the opposite of what we found. This suggests 489 
that greater gyrification is a more likely explanation for our results.  490 
Hippocampal volume 491 
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ICV-adjusted volume of the dentate gyrus (R2[full model]=0.30; p[full model]=0.11; 492 
p[partial contribution of GHRD]=0.05) and CA1 of the hippocampus (R2 [full model]=0.38; 493 
p[full model]=0.04; p[partial contribution of GHR]=0.08), showed a weak trend toward 494 
being larger in GHRD participants versus controls, covarying for age, sex, and 495 
education. ICV-adjusted volume of CA23, was not significantly associated with GHRD 496 
status (R2 [full model]=0.33; p[full model]=0.07; p[partial contribution of GHRD]=0.25).  497 

ICV-adjusted mean hippocampal volume was not significantly associated with 498 
GHRD status after controlling for age, sex, and education (R2 [full model]=0.28; p [full 499 
model]=0.14). In a supplementary analysis, we included ICV as a covariate rather than 500 
dividing hippocampal volume and subregional volumes by it. Using this method of 501 
adjusting for ICV, mean bilateral hippocampus and hippocampal subregions still do not 502 
show a significant association with GHRD mutation. 503 
Diffusion tensor imaging 504 
After controlling for age, sex, and ICV, DTI MD was significantly lower in GHRD 505 
participants than controls, possibly indicating greater neural plasticity (Deijen et al., 506 
2011). Regions of significance included the genu of the corpus callosum, the posterior 507 
limb of the internal capsule/anterior thalamic tracts, and the bilateral superior cerebellar 508 
peduncles/anterior thalamic tracts  (critical p = 2.35 x 10-5 controls FDR at q=0.05; Figure 509 
2). When this analysis was repeated by additionally controlling for education, MD was 510 
still significantly lower in GHRD participants in these regions (critical p=1.36 x 10-5 511 
controls FDR at q=0.05). We next used circulating IGF1log10 as the independent variable 512 
rather than GHRD status, controlling for age, sex, ICV, and education. The same regions 513 
remain significantly correlated with DTI MD (critical p = 7.68 x10-6 controls FDR at 514 
q=0.05). However, these regions do not remain significantly correlated with MD when 515 
IGF1 log10 is the independent variable and GHRD status is also controlled for along with 516 
age, sex, ICV, and education. This suggests that either our study is not sufficiently 517 
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powered to detect a IGF-1 effect that is independent of GHRD status or that an 518 
independent effect of IGF-1 on DTI MD does not exist in our participants. Plasma free 519 
IGFBP-1log10 was not significantly associated with DTI MD after controlling for age, sex, 520 
ICV, and education. 521 
After controlling for age, sex, and ICV, DTI FA was significantly higher, typically 522 
indicating more intact white matter, in GHRD participants versus controls in one isolated 523 
voxel in the left corticospinal tract (critical p = 4.03 x 10-7 controls FDR at q=0.05).  524 
FMRI Analyses 525 
Behavioral analysis 526 
The GHRD group showed a significantly higher pattern separation score than the control 527 
group, F(1, 18)=11.78, MSE=0.02, p=0.003, ηp

2=0.40 (Figure 3). GHRD participants 528 
correctly identified the lure items as similar more frequently than did the control group, 529 
F(1, 18)=8.44, MSE=0.02, p=0.009, ηp

2=0.32. Relative to the GHRD group, the control 530 
group was more likely to label the lure items as same, indicating a higher rate of false 531 
alarms to lures, F(1, 18)=4.72, MSE=0.03, p=0.043, ηp

2=0.21.  532 
Whole brain analysis 533 
Compared with controls, the GHRD group showed greater activation in the bilateral 534 
superior frontal gyrus (SFG) in the similar > baseline contrast (Table 4, Figure 4A). 535 
GHDR participants also showed greater activation in the left superior parietal lobe (SPL) 536 
in the same > baseline contrast (Table 4, Figure 4B), and greater activation in the left 537 
frontal pole and in the bilateral anterior cingulate cortex (ACC) in the similar > errorlure 538 
contrast (Table 4, Figure 4C and D). 539 

When IGF-1log10 level was used as the independent variable rather than GHRD 540 
status, there were no significant findings. When IGFBP-1log10 level was used as the 541 
independent variable rather than GHRD status, we found negative relationships between 542 
IGFBP-1log10 and several brain regions. Higher IGFBP-1log10 was associated with lower 543 
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activation in the caudate, the right postcentral gyrus, the left occipital cortex and frontal 544 
pole in the similar > baseline contrast. For the similar > errorlure contrast, higher IGFBP-545 
1log10 was associated with lower activation in the left middle frontal gyrus, the bilateral 546 
occipital lobe and SPL. 547 
ROI analyses for the hippocampi 548 
Compared with controls, the GHRD group showed greater activation in the right 549 
hippocampus in the similar > baseline contrast (MGHRD= 0.04; Mcontrol= -0.06), F(1, 16)= 550 
5.78, MSE= 0.004, p= 0.029, ηp

2= 0.26 (Figure 4E). Significant group differences were 551 
not observed in the left hippocampus (p= 0.12). There were no significant findings when 552 
IGF1log10 or IGFBP-1log10 was used as the independent variable rather than GHRD status.  553 
ROI analyses for the hippocampal subfields 554 
Although the GHRD participants showed greater activation than controls in all subfields, 555 
the results did not reach significance (p> 0.12; Figure 5).  556 
Brain-behavior relationships 557 
Across groups, a higher separation bias score (better performance) was significantly 558 
associated with greater fMRI activity in the bilateral SFG (R2 [full model]= 0.74; p[full 559 
model]< 0.001; p[partial contribution of SFG activation]= 0.002; Figure 4A), left SPL (R2 560 
[full model]= 0.74; p[full model]<0.001; p[partial contribution of SPL activation]= 0.002; 561 
Figure 4B), left frontal pole (score (R2 [full model]=0.73; p[full model]<0.001; p[partial 562 
contribution of frontal pole activation]= 0.002; Figure 4C), and bilateral ACC (score (R2 563 
[full model]= 0.68; p[full model]= 0.002; p[partial contribution of ACC activation]= 0.010; 564 
Figure 4D).  Greater activation in the right hippocampus was marginally significantly 565 
associated with higher separation bias score (R2 [full model]=0.61; p[full model]=0.006; 566 
p[partial contribution of hippocampal activation]0.052; Figure 4E). When the analyses 567 
were repeated for each group separately, the results did not reach significance. These 568 
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results suggest a more effective recruitment of cognitive resources in the GHRD 569 
participants. 570 

In the brain regions showing inverse relationships with IGFBP1 levels, reduced 571 
activation was not significantly associated with better performance. 572 
Resting state analyses 573 
Resting state connectivity in the default mode network (DMN) typically decreases in 574 
Alzheimer’s disease and aging (Greicius, Srivastava, Reiss, & Menon, 2004; Mevel et 575 
al., 2013). Relative to controls, the GHRD group showed greater DMN functional 576 
connectivity in the precuneus extended to the left occipital cortex (Figure 6). Similarly, 577 
the GHRD group showed greater DMN functional connectivity in the precuneus with the 578 
left and right hippocampal seed regions (Figure 6). When IGF-1log10 and IGFBP-1log10 579 
were used as the independent variable rather than GHRD status, there were no 580 
significant findings. 581 
 582 
Discussion 583 

Our findings suggest that the GHRD protective effects found in mice, via 584 
decreased GHR signaling, decreased IGF-1 levels and enhanced insulin efficiency, may 585 
also extend to the human brain. GHRD participants had greater regional cortical surface 586 
area relative to intracranial volume compared with controls, in several frontal and 587 
anterior cingulate regions including significant or trend-level effects in rostal and caudal 588 
middle frontal cortex, regardless of method of controlling for ICV.  These results may 589 
indicate greater gyrification in subjects with GHRD. Circulating IGF-1 or IGFBP-1 levels 590 
may partly explain these effects. Additionally, higher IGF-1 was associated with smaller 591 
surface area in the frontal pole and higher IGFBP-1 was associated with larger surface 592 
area in rostral anterior cingulate, superior frontal cortex, and pars opercularis, 593 
independent of GHRD status. Because cortical gyrification primarily takes place 594 
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prenatally (Armstrong, Schleicher, Omran, Curtis, & Zilles, 1995), these effects may be 595 
developmental, rather than aging-related. We found no significant differences in cortical 596 
thickness between groups either within our regions of interest or in a post hoc 597 
exploratory whole brain vertexwise analysis. One possible explanation for this may be 598 
that the subjects in our sample are not old enough to have detectable age-related 599 
cortical thinning also considering the relatively small, cross-sectional sample. 600 
Alternatively, it is possible that the GHRD mutation does not modulate the cortical 601 
thinning sometimes associated with aging. A larger longitudinal study that includes older 602 
subjects may help elucidate this question.   603 

We also saw trends toward larger ICV-adjusted dentate gyrus and CA1 regions in 604 
the hippocampus. Furthermore, GHRD participants had lower mean diffusivity of white 605 
matter (possibly indicating greater myelination, tract coherence, or neural plasticity) in 606 
two tracts adjacent to the frontal and cingulate cortex: the genu of the corpus callosum 607 
and anterior thalamic tracts. This effect may be explained by IGF-1 levels. 608 

Although the average age of the subjects tested was 39, in the pattern separation 609 
task, the GHRD group performed in the range expected for even younger adults (Figure 610 
3; Yassa et al., 2011). In addition, GHRD participants showed greater fMRI activation in 611 
fronto-parietal regions and in the right hippocampus. Such increased activation was 612 
associated with better memory performance. Although we observed inverse 613 
relationships between IGFBP-1 levels and brain activations in some regions, reduced 614 
activations in these regions were not associated with better performance. Thus, the 615 
effects of IGFBP-1 on cognitive function remain to be investigated. 616 

Furthermore, our resting state analyses indicated that the GHRD group has greater 617 
functional synchronicity of activity between the precuneus and seed regions in the PCC 618 
and in the left and right hippocampi. The precuneus is part of the default mode network 619 
(DMN), which is the most commonly observed resting-state network associated with 620 
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cognitive function. Given that the DMN is known to show age and disease-related 621 
declines in functional synchronicity (Greicius et al., 2004; Mevel et al., 2013), greater 622 
functional connectivity observed in the GHRD group may indicate healthier brain 623 
function. However, this interpretation needs to be made cautiously since increases in 624 
DMN functional connectivity have also been observed in pathological conditions, such as 625 
APOE ε4 carriers and people with depression (Greicius et al., 2007; Westlye, 626 
Lundervold, Rootwelt, Lundervold, & Westlye, 2011). To explore this question further, we 627 
examined the relationship between resting state functional synchronicity and 628 
performance in the pattern separation task using multiple linear regression. The results 629 
suggested that across groups, greater functional synchronicity between the precuneus 630 
and the right hippocampus was associated with better performance on the pattern 631 
separation task (R2 [full model including age, sex, education, ICV, right hippocampus-632 
precuneus connectivity]=0.65; p[full model]=0.003; p[partial contribution of precuneus-633 
right hippocampus connectivity]=0.021). Functional connectivity between the precuneus 634 
and the other two seed regions (i.e., PCC and left hippocampus) was not significantly 635 
associated with performance but were in the same positive direction (p values [partial 636 
contribution of precuneus-PCC connectivity and precuneus-right hippocampus  637 
connectivity]=0.052 and 0.154, respectively). Thus, increased functional connectivity 638 
found in the GHRD participants may indeed suggest more efficient brain networks 639 
consistent with healthy brain function.  640 

The E180 in the GHR in the Ecuadorian cohort results in a clinical phenotype of 641 
severe short stature and obesity, accompanied by low circulating concentrations of IGF-642 
1 and insulin, and enhanced insulin sensitivity (Buckway et al., 2002; Rosenfeld et al., 643 
1994). Global disruption of the IGF-1 gene in mice results in disproportionate decreases 644 
in dentate gyrus volume and brain myelination deficits (Beck, Powell-Braxton, Widmer, 645 
Valverde, & Hefti, 1995). However, GHRD mutations do not appear to interfere with most 646 
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of the normal production and function of autocrine and paracrine IGF-1 throughout the 647 
body, since there is no evidence of defects in wound healing or immune function 648 
(Emmerson et al., 2012; Ni et al., 2013). GHRD-associated IGF-1 deficiency and related 649 
enhanced insulin sensitivity down-regulate the expression of signaling genes with central 650 
pro-aging roles including Tor-S6K and PKA. This may contribute to its anti-aging effect, 651 
and may explain some of our results here. In fact, GHRD mice hold record longevity 652 
extension (Bartke & Brown-Borg, 2004) and GHRD mice and humans appear to be 653 
protected from cancer and diabetes (Guevara-Aguirre et al., 2011; Guevara-Aguirre et 654 
al., 2015), indicating that impaired function of the GHR is associated with protective 655 
effects against selected age-related diseases. Recently, we have demonstrated that 656 
diets that reduce GHR-IGF-1 signaling promoted stem cell-based regeneration in the 657 
immune and nervous systems (C. W. Cheng et al., 2014). The use of a periodic fasting 658 
mimicking diet, which reduces insulin and IGF-1 and increases IGFBP1, promoted 659 
neural stem cell-based regeneration as well as improved cognitive performance in aged 660 
mice (Brandhorst et al., 2015). GHRD mutations promoted a similar stem cell-based 661 
regeneration in the hematopoietic system, suggesting that GHR-IGF1-insulin axis may 662 
importantly influence regeneration processes in multiple systems (C. W. Cheng et al., 663 
2014).  664 

Overall, our findings are consistent with prior studies demonstrating enhanced 665 
cognition in Ames dwarf and GHR knockout mice (Kinney, Coschigano, Kopchick, 666 
Steger, & Bartke, 2001; Kinney, Meliska, Steger, & Bartke, 2001; Kinney-Forshee et al., 667 
2004; Sharma, Haselton, Rakoczy, Branshaw, & Brown-Borg, 2010). Although the 668 
mechanism for this protection is largely unknown, it could involve increased number or 669 
activity of neural stem cells and elevated regenerative function and/or increased 670 
sensitivity to IGF-1 analogously to the insulin sensitization effect we have recently 671 
demonstrated for GHRD subjects (Guevara-Aguirre et al., 2015). Larger studies that 672 
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allow for comparisons across age groups would be helpful for assessing the effect of the 673 
diminished GHR signaling on cognitive and neurological aging. Further studies are also 674 
warranted to determine whether dietary, pharmacological, or other interventions that 675 
alter brain GHR function and improve IGF-1 and insulin sensitivity can delay cognitive 676 
aging. 677 678 
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Table 1: Demographics of the participants 892 
 893 

  Control GHRD 
# Participants 12 13 
Sex (M/F) 3/9 3/10 
Age (mean ± SD) 40.6 ± 8.9 38.2 ± 10.3 
Age Range 24 - 54 25 - 54 
Education (years) 10.8 ± 4.6 12.5 ± 3.7 
GHR E180 mutation  11 +/-; 1 -/- 13 +/+ 
Plasma total IGF-1 (mean ± 
SD) 66.58 ± 14.43 15.15 ± 6.24 

Plasma free IGFBP-1 (mean ± 
SD) 2.82 ± 2.52 45.37 ± 61.82 

Age and years of education were not significantly different between 
diagnostic groups (two-tailed unpaired t test; p = 0.53 and 0.29, 
respectively). Sex was not different between diagnostic groups (c2 = 
0.01; p = 0.91). 

 894 
  895 
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Table 2. Freesurfer ROIs included in our statistical analyses. 896 
Frontal Cortex 
   Caudal Middle Frontal 
   Lateral Orbitofrontal 
   Medial Orbitofrontal 
   Rostral Middle Frontal 
   Superior Frontal* 
   Frontal Pole* 
   Pars Opercularis 
   Pars Orbitalis 
   Pars Triangularis 
Cingulate Cortex 
   Caudal Anterior Cingulate * 
   Rostral Anterior Cingulate * 
Temporal Cortex 
   Entorhinal Cortex 
   Parahippocampal Gyrus 
Parietal Cortex 
   Precuneus * 
* Showed a significant difference between diagnostic groups in our fMRI 
analyses. 
  897 
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Table 3. Group differences in ICV-adjusted regional surface area 898 
 899 
 p value 
Frontal cortex  
Caudal middle frontal  0.0045 
Lateral orbitofrontal ns 
Medial orbitofrontal 0.00060 
Pars opercularis ns 
Pars orbitalis ns 
Pars triangularis ns 
Precentral gyrus ns 
Rostral middle frontal 0.0060 
Superior frontal ns 
Frontal pole 0.0015 
  
Parietal cortex  
Inferior parietal ns 
Pericalcarine cortex ns 
Postcentral gyrus ns 
Precuneus ns 
Superior parietal ns 
Supramarginal gyrus ns 
  
Frontal/Parietal cortex  
Paracentral lobule ns 
  
Temporal cortex  
Banks of the superior 
temporal sulcus 

ns 

Entorhinal ns 
Fusiform ns 
Inferior temporal ns 
Middle temporal gyrus 0.0049 
Parahippocampal gyrus ns 
Superior temporal 0.011 
Temporal pole ns 
Transverse temporal gyrus ns 
  
Occipital cortex  
Cuneus ns 
Lateral occipital 0.000098 
Lingual gyrus ns 
  
Cingulate cortex  
Caudal anterior cingulate ns 
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Isthmus of the cingulate ns 
Rostral anterior cingulate 0.0096 
Posterior cingulate ns 
  
Insular cortex ns 

 900 901 
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Table 4: Brain activity showing significant group differences during pattern separation 902 
task 903 
 904 
        MNI       
Contrast Brain Region H x y z   Z-max 
GHRD > Control 
Similar > baseline Superior Frontal Gyrus R 4 48 46 3.27 
Same > baseline Superior Parietal Lobe L -36 -54 52 3.68 
Similar > Error_ 
lure 

Anterior Cingulate 
Gyrus L -2 38 20  3.47 

Frontal Pole L -20 42 42 3.55 
Error_ lure > 
baseline no significant results             

Control  > GHRD  
Similar > baseline no significant results 
Same > baseline no significant results 
Similar > Error_ 
lure no significant results       
Error_lure > 
baseline no significant results       

 905 
baseline = new trials 906 
 907 
  908 
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Figure Captions 909 
Figure 1: Pattern separation task 910 
Stimuli were color photographs of common objects and scenes from the International 911 
Affective Picture System (Lang, Bradley, & Cuthbert, 2005). The images with a red 912 
border indicate that they were presented for the first time, and that participants’ memory 913 
for these items would be tested later on. Participants then viewed one of the three types 914 
of images; foils, lures or repetitions. Foils had not been presented before. Lures were 915 
similar to those seen before. Repetitions had been previously seen. Participants were 916 
asked to respond to each picture by indicating whether the picture was new, similar or 917 
same by a button press (new = red; similar = blue; same = yellow; the green button was 918 
unused). In the above figure, correct responses were displayed on top of each picture 919 
and types of images were shown in parentheses, which were not shown to the 920 
participants. Behavioral performance (separation bias score) and brain activation for 921 
non-bordered items were used for analyses. Participants completed four blocks, each 922 
with randomized presentation of 32 red-bordered pictures, 16 foils, 16 lures, and 16 923 
repetitions. Each stimulus was presented for 3000 ms followed by an inter-stimulus 924 
interval fixation cross of 500 ms. We calculated response rates in each of the nine 925 
possible categories (foils called same, similar, or new; lures called same, similar, or 926 
new; and repetitions called same, similar, or new).  927 
 928 
Figure 2: Group differences in DTI mean diffusivity 929 
GHRD participants had lower DTI MD in the genu of the corpus callosum, after 930 
controlling for age, sex, and ICV (critical P-value which controls FDR at q=0.05 is 2.35 x 931 
10-5). Left side of the brain is displayed on the right. 932 
 933 
Figure 3: Group differences in separation bias scores 934 
The response proportions displayed in the top graphs were adjusted for age, sex, and 935 
education (A, B). The GHRD group had greater separation bias scores than the control 936 
group after controlling for age, sex, and education (C), indicating better memory 937 
performance in the GHRD group. This pattern of group difference was similar to that 938 
observed in younger vs. older adults in a previous study, as shown in the bottom graphs 939 
(adapted from Yassa et al., 2011). In this previous study, the average age of the 940 
younger adults was 20 years and that of older adults was 70 years. On the other hand, 941 
our participants were young to middle-aged (range 24-54; Table 1). Since our control 942 
participants were on average much older (mean=40.6) than the younger participants in 943 
the previous study (mean=20), it is possible that our control group already showed signs 944 
of cognitive aging whereas the GHRD group did not. 945 
 946 
Figure 4: Brain regions showing greater activation in the GHRD group than controls 947 
during the pattern separation task 948 
Compared with the control group, the GHRD group showed increased activation in the 949 
bilateral superior frontal gyrus during the similar trials relative to baseline (A). The 950 
GHRD group also exhibited greater activation in the left superior parietal lobe during the 951 
same trials relative to baseline (B). Furthermore, the GHRD group showed greater 952 
activation in the left frontal pole (C) and in the bilateral anterior cingulate cortex (D) in 953 
the similar > errorlure contrast. The ROI analysis showed greater activation in the right 954 
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hippocampus in the GHRD vs. control groups in the similar > baseline contrast (E). The 955 
bar graphs show mean percent signal change in each ROI, and the scatter plots depict 956 
the brain-behavior relationships in each ROI across groups. The mean percent signal 957 
change represents residual values after controlling for age, sex, education, and ICV. 958 
The separation bias score was calculated by [p(similar/lure) – p(similar/foil)]. Greater 959 
activation in these regions was associated with better separation bias score. R2p and P 960 
are the partial contribution of activation in each ROI to the full model. 961 
 962 
Figure 5. No significant group differences in hippocampal subfields activation 963 
Relative to the control group, the GHRD group showed greater activation in the right 964 
CA23/DG (A) and the right CA1 (B) during the similar trials; however, the results did not 965 
reach significance (p=0.113, p=0.136, respectively). A similar pattern of group 966 
differences was observed in the left CA23/DG (C) and the left CA1 (D) during the similar 967 
trials, but the results did not reach significance (p=0.177, p=0.224, respectively). 968 
 969 
Figure 6: Brain regions showing increased functional connectivity in the GHRD group 970 
than controls at rest 971 
The default mode network (DMN) is the most commonly observed resting-state network 972 
associated with internally directed mental states and cognitive function, and its 973 
coordinated activity diminishes with age (Mevel et al., 2013). The yellow areas indicate 974 
the DMN defined by all participants in this study using each seed region. Relative to the 975 
control group, the GHRD group had greater functional connectivity in the precuneus 976 
(shown in red) with the PCC seed (A), the left hippocampal seed (B), and the right 977 
hippocampal seed (C). With the PCC seed region, this group difference was also 978 
observed in the left occipital cortex. 979 
 980 














