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Abstract

Background: Structural and functional brainimagesare essential imaging modalitiesfor medical expertsto study brain anatomy.
These images are typically visually inspected by experts. To analyze images without any bias, they must be first converted to
numeric values. Many software packages are available to process the images, but they are complex and difficult to use. The
software packages are also hardware intensive. The results obtained after processing vary depending on the native operating
system used and its associated software libraries; data processed in one system cannot typically be combined with data on another
system.

Objective: The aim of this study was to fulfill the neuroimaging community’s need for a common platform to store, process,
explore, and visualize their neuroimaging data and results using Neuroimaging Web Services Interface: a series of processing
pipelines designed as a cyber physical system for neuroimaging and clinical datain brain research.

Methods: Neuroimaging Web Services | nterface accepts magnetic resonance imaging, positron emission tomography, diffusion
tensor imaging, and functional magnetic resonance imaging. These images are processed using existing and custom software
packages. The output is then stored as image files, tabulated files, and MySQL tables. The system, made up of a series of
interconnected servers, is password-protected and is securely accessible through a Web interface and allows (1) visualization of
results and (2) downloading of tabulated data.

Results: All results were obtained using our processing servers in order to maintain data validity and consistency. The design
is responsive and scalable. The processing pipeline started from a FreeSurfer reconstruction of Structural magnetic resonance
imaging images. The FreeSurfer and regional standardized uptake value ratio calculations were validated using Alzheimer's
Disease Neuroimaging Initiative input images, and the results were posted at the Laboratory of Neuro Imaging data archive.
Notable leading researchers in the field of Alzheimer’s Disease and epilepsy have used the interface to access and process the
data and visualize the results. Tabulated results with unique visualization mechanisms help guide more informed diagnosis and
expert rating, providing atruly unique multimodal imaging platform that combines magnetic resonance imaging, positron emission
tomography, diffusion tensor imaging, and resting state functional magnetic resonance imaging. A quality control component
was reinforced through expert visual rating involving at least 2 experts.
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Conclusions:  To our knowledge, there is no validated Web-based system offering al the services that Neuroimaging Web
Services Interface offers. The intent of Neuroimaging Web Services Interface is to create atool for clinicians and researchers
with keen interest on multimodal neuroimaging. Moreimportantly, Neuroimaging Web Services I nterface significantly augments
the Alzheimer’s Disease Neuroimaging I nitiative data, especially since our data contain alarge cohort of Hispanic normal controls
and Alzheimer’'s Disease patients. The obtained results could be scrutinized visually or through the tabulated forms, informing

researchers on subtle changes that characterize the different stages of the disease.

(JMIR Med Inform 2018;6(2):€26) doi: 10.2196/medinform.9063
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Introduction

Background

Noninvasive brain imaging modalities contribute considerably
to the understanding of brain structure and functionaity [1].
Magnetic resonance imaging (MRI), positron emission
tomography (PET), diffusion tensor imaging (DTI), and
functional magnetic resonance imaging (fMRI) scans, among
other modalities, allow clinicians and experts to advance their
research and take informed decisions on the diagnosis and the
planning of clinical or therapeutic interventions that could
follow. The images obtained by these scans must first be
preprocessed in order to convert them into numeric values that
can be objectively assessed and analyzed. Hospitals and other
research institutions can capture, store, and view brain scanson
their own picture archiving and communication system; but
performing additional processing is often computationally
taxing, requiring specialized software, a suitable hardware or
computing infrastructure, and image processing expertise, which
our Neuroimaging Web Services Interface (NWS) is designed
to offer.

In addition to the need of individual investigators to test and
validate results, there is a larger neuroscience community in
academia and medical settings that can benefit from this
integrated processing and visualization platform. Data sharing,
which remains limited due to the different institutional and
privacy constraints, should be encouraged within the scientific
community to increase the value of research. The governing
council of the Organization for Human Brain Mapping, which
is the primary internationa organization dedicated to
neuroimaging research, highlighted in 2001 certain challenges
in the field of databases in neurcimaging, most of which we
still face today. Such challenges include (1) management of
large volume and variety of forms in which the data are
presented, (2) methods for the processing of brain images, (3)
accessibility of data, and (4) thelack of accessto neuroimaging
results to investigators [2,3].

Among the most established neurocimaging databases is the
Alzheimer's Disease Neuroimaging I nitiative (ADNI) database
[4], which currently contains data from over 1900 subjects,
encompassing over 4000 MRI and PET scans, aswell asclinical,
cerebrospinal fluid, genetic, and biochemical biomarkers, which
have been made available to researchers worldwide, who have
made over 14 million downloads. Many other databases with
more specialized audiences exist and have been cataloged in
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Neuroscience Information Framework [5]. These include the
Minimal Interval Resonance Imaging in Alzheimer's Disease
database [6], the OpenfMRI database [7], NeuroVault [8], The
Virtual Brain [9], Neuroimaging Data Model [10], the
Vanderbilt University Institute for Imaging Science Center for
Computational Imaging XNAT (Extensible Neuroimaging
Archive Toolkit-based repository) [11].

Study Aims

NWSl serves as an automated, responsive, and scalable
neuroimaging database solution. This new design serves also
as a cyber physical system in that it offers users access to
neuroimaging a gorithms through the Internet and providesthe
needed computational resourceswith al the required processing,
storage capabilities, security and operational maintenance. It
comprises a Web interface and a set of replica Linux servers
that perform specific tasks. Interacting with the system requires
minimal computing knowledge, equivalent to what is expected
from social media or similar type of Web interface. This
interface would al so serve the research community for applying
their new data mining and deep learning concepts on a
multimodal imaging platform [12].

NWSI is equipped with various useful tools such as Brain
Extraction Tool (BET), brain image registration, image format
conversion, data processing, and visualization mechanismsthat
help with rating and diagnosis. The current implementation
includes (1) automatic quantification of volumes from
anatomical MRIs, (2) 18F-Florbetapir and 18F-Florbetaben for
Alzheimer disease (AD), (3) Fluorodeoxyglucose (FDG) PET
analysis for epilepsy, and (4) DTI image processing for both
AD and epilepsy. All the data results are collected in files and
into aMySQL database and can be exported into both tabul ated
filesand imagefiles. The accumulated data can be used in future
pipelines asinput to multimodal and longitudinal studies.

NWSI utilizes an embedded, modified version of the Papaya
viewer (aJavaScript medical researchimage viewer) devel oped
by University of Texas Health Science Center. The viewer
allowsinteractivedisplay of cerebral regions, diffusionimages,
and PET data. All images are coregistered to the anatomical
MRI as part of the pipeline; they can be displayed on the same
viewer in stacked layers. Moreover, results have been validated
by comparison with existing processed data, such as from the
ADNI database, which provides an excellent source of raw and
postprocessed datafor validating the variousfunctions of NWSI.
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Methods

Data

Data included in NWSI involves both AD data and epilepsy
data, which are recorded on aregular basis as more cases are
routinely scheduled.

Alzheimer Disease Data

AD imaging data included in this Web interface were obtained
from the 1Florida Alzheimer's Disease Research Center
(1Florida ADRC) and ADNI databases.

1Florida Alzheimer’s Disease Resear ch Center

NWSI was piloted using a database of MRI and amyloid PET
images obtained through 1Florida ADRC. For this pilot project,
currently 273 structural MRI, 43 18F-Florbetapir PET scans,
and 89 18F-Florbetaben PET scans are available. The MRI
images were obtained using a Siemens Medical System Skyra
3 Tedla Scanner. The DTI scans were used to measure radial,
axial, and mean diffusivity, as well as fractional anisotropy
(FA). PET images were obtained from a Siemens Biograph 16
Hi-Rez PET-CT machine.

Alzheimer's Disease Neuroimaging I nitiative

Data used for validation purposes were obtained from the AD
Neuroimaging I nitiative (ADNI) database . The primary goal of
ADNI has been to test whether serial MRI, 18F-Florbetapir
PET, other biological markers, and clinical and
neuropsychological assessment can be combined to measure
the progression of mild cognitive impairment (MCl) and early
AD. MRI scans were acquired from 1.5 T or 3 T scanners at
multiple sites across United States and Canada.

Epilepsy Data

Epilepsy PET scans were obtained from Baptist Health South
Florida, and Nicklaus Children's Hospital. There are currently
10 cases in the database, with more cases to be included in the
near future asthe schedule allows. The intent hereisto include
EEG data for 3D source localization in context with
hypometabolism as observed through PET. Subjects from the
Baptist Hospital of Miami were scanned with a Philips PET or
computed tomography scanner with an FDG imaging agent.
Subjects from Nicklaus Children's Hospital were scanned with
a GE Discovery ST PET or CT system with an FDG imaging
agent.

Neuroimaging Web Services Interface and Hardware
Architecture

Neuroimaging Web Services | nterface

The Web interface driving NWSI is based on Drupal, a popul ar
open source content management system, whichisthe platform
for BBC, University of Oxford, the US Department of Energy,
among other well-established organizations. Drupal provides a
user-based platform, in which the core code for security and
design tools are updated and patched frequently to address
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vulnerabilities, as well as to add new functionalities. New
features can also be added to Drupal via modules that can be
integrated with its core code, alowing new code to run on
Drupal, while maintaining the core software secure and intact.

The Web interface of NWSI has a simplified design, utilizing
forms and uploaded files for most of the data input. Users of
the interface, who are not familiar with Linux or its command
line arguments, will be able to upload, view, and visuaize
existing data. Figure 1 shows the MRI upload form as an
example. All data are deidentified before being uploaded to the
server, and the user determineswhether or not thedataon NWS|
will be shared with other users. Access to the site is provided
through password-protected accounts.

Although the user interaction occursthrough the Web interface,
a set of replica servers (RSs), which run on Linux, perform a
variety of asynchronous tasks, such as running FreeSurfer [13]
on anatomical MRIs, or registering structural MRI to PET or
DTI images. To keep the interface responsive, new tasks are
sent to awork loader on the Web interface, which in turn sends
tasksto one or more available RS(s) on the basis of their current
status. Once the data is copied back to the Web server, the
PostProcessing Core incorporates it into the system’s database
andfile system. Thearchitectureis scalable, such that new RSs,
which are easy to maintain clones with identical software, can
be added on demand to the system.

The asynchronous communication between the Web interface
and the RSs is achieved by securely copying files. Some of
these files are data to be processed, whereas others are status
reports and workload balance data. MRI, PET, DTI, and fMRI
images are processed on the RSs, but smaller tasks, such as
brain extraction or registration, are done synchronously on the
Web server by the Short Task Module. Tasks selected to run
on the Small Task Modules must be brief, no longer than few
minutes in duration to keep the Web server responsive.

The interface is illustrated in a PowerPoint presentation and
video included in Multimedia Appendix 1 and Multimedia
Appendix 2, respectively.

Neuroimaging Web Services | nterface Hardware
Architecture

Virtual technology and Modular Smart Array Systems are used
to host the NWSI Web interfacesand its RSs. The cluster-aware
infrastructure has two ProLiant DL 380 G7 servers, forming a
centralized pool of resources that is used to create virtual
machines (VMs) which run their own operating system (OS).
Figure 2 illustrates the virtual architecture of NWSI. The Web
interface runson aVM running an Ubuntu open source software
OS, Apache software, and a MySQL database management
system. Sincethe processing timefor asingle MRI rangesfrom
8 to 12 hours, as many as 16 MRIs can be processed
simultaneously, using RSs with 8 cores each. PETs and DTls
are processed in 15 and 10 min, respectively. The use of a
virtual-server environment adds availability, security, and
scalability to the Neuroimaging Web-interface application.
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Figure 1. Data upload form, with magnetic resonance imaging (MRI) upload selected. Same function could be done with other modalities (positron
emission tomography, diffusion tensor imaging, and functional magnetic resonance imaging).

Processing time depends on the resolution of the MRI, and other factors, such as how many files are in queue and
servers' load. Typical times are around 16-48 hours. If your MRI is not processed within 48 hours please send us an

email.

Record ID *

This field will help you find this record later.

Date

E.g., 2018-03-22
This is the date the study was performed on the patient

MR Fields *

MRI image

Browse... | No file selected.

Upload a single file. If your MRI contains multiple files, zip them into a single file. Maximum file size 2 GB

Allowed formats: NIfTI, DICOM (zip files only, must contain a single study, and a file named:DICOMPIR) extensions: tar.gz, gz, nii, zip

[ Notify me when FreeSurfer Processing is complete via email

[ By clicking this checkbox you are stating that the data uploaded is deidentified *

Submit

Figure 2. Virtual architecture.
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Furthermore, new VMs can be added to the current design to
increase the capability and performance of the system. RSs can
reside in a private cloud or the Internet, as long as files can be
securely copied between them and the Web interface. The Web
interface can be accessed anywhere in the world with a fast
Internet connection and a browser. It is both device and OS
independent. The Drupal themeisresponsive and tablet or phone
friendly. Figure 3 shows the architecture of the neuroimaging
Web-interface system, wherein the user interacts with the Web
server through the Web browser.

Results from completed tasks are readily viewable. New tasks
are sent by the Work loader, to an available RS, which sends
the compl eted task to the PostProcessing Core, from which new
values are entered into the database and raw and new images
are stored on the file system. Registration, Brain Extraction,
and other smaller tasks are processed on the Web server by the
Small Tasks Module.
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RenderX

Image Viewer

Papaya, developed by the University of Texas Health Science
Center at San Antonio, is a powerful open source, interactive,
JavaScript-based image viewer that is incorporated within
NWSI. The Web interface accepts the 3 most common formats
as input—DICOM, ANALY ZE, and NIfTI [14], but converts
all filesto NIfTI, which is versatile, more compact, and widely
used. It is noted that supporting software, such as FSL [15],
only accepts NIfTI asinput.

The version of Papaya in NWSI has been modified to display
FreeSurfer labels and custom color tables. The Web interface
is also capable of displaying specific color-coded FreeSurfer
regions; whole brain segmentation; interactive surfaces; and
PET, fMRI, and DTI images. Aspart of our processing pipeline,
all imagefilesareregistered to the structural MRI scan, making
it possible to display several modalities as layers in the same
viewer. Among the tools embedded on the Web interface and
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available to the user by Papayaare color selection, ameasuring
tool, an axis viewer, and an image transparency modification
tool, all of which are standard in many other viewers. The user
can display theseimages online without having to save any files
to thelocal hard disk (see Figures4 and 5 below for illustrative
examples). Furthermore, the ROl explorer page displays a

Figure 3. Architecture of the Neuroimaging Web Interface System.

User interface

Lizarragaet d

color-coded segmentation of FreeSurfer regions. This is
especialy useful for researchers who are not familiar with
FreeSurfer labels, but are familiar with the human brain
anatomy. Pertinent information can be visualized by clicking
on specific regionsto scrutinize what the different regionsreveal
(see Figures 6 and 7).

Web
interface

Small
tasks
module

Database i

WebServer

Post-processing

Replica server 1

Replica server 2

—> Replica server 3

core

Figure 4. Interactive viewer, showing the surface reconstruction of and anatomical magnetic resonance imaging (MRI), Green represents the gray

meatter, Red represents the white matter.
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Figure5. Image shows positron emission tomography (PET) viewer's full interface.
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Figure 6. Regions of interest (ROI) Explorer: visualizing FreeSurfer segmentation. By default, all regions, cortical and subcortical, are shown.
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Figure 7. Regions of interest (ROI) Explorer: showing the selected subcortical left and right-hippocampus and amygdala regions.
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The basic functionality of NWSI depends on using FreeSurfer
to reconstruct cortical surface models (gray-white boundary
surface and pia surface) from structural MRIs and to output
regional cortical and subcortical volumes, cortical thickness,
and other values derived from input image segmentation (see
FreeSurferWiki or acompletelist of such measures). FreeSurfer
also outputs image files that define the segmentation and
replacesintensity on these files by numeric values representing
the segmented regions. Thesefilesare used in PET standardized
uptake values (SUV) calculations.

NWSI processes all structural MRIs on alocal server, ensuring
that the FreeSurfer results are validated and not affected by the
OS version adopted [16]. FreeSurfer specifies in fswiki that
certain OS-level libraries might affect the results. Thus, as new
RSs are added to the system, it isimperative to test them before
deployment to make sure the results are validated against
established ones.

Animportant issue, whichisresolved by NWSI, isinthe ability
of merging of datafrom different sources, whichisanontrivial
task due to factors such as scanner hias, scanner field strength,
etc[17]. Thisproblemisbest addressed by processing all values
with the same hardware and software. Consequently, subjects
from one institution can be merged with subjects from another
institution, and the results can be downloaded and tabulated in
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Explore ROIS in MRI Record:
2350 Record ID: 110004

| Show ROIs |
Help

BE &

Settings

’3

aformat as shown in Figure 8. In fact, NWSI has managed to
achieve that by combining subjects from our own 1Florida
ADRC to subjects from the ADNI database.

Quality Control

Quality control within NWSI is performed by visual inspection
of the output image files, similar to the process used by ADNI.
Theimage viewer can be used to inspect theimage to determine
whether segmentation of the structural image by FreeSurfer was
subject to errors, such as truncated sections of the structural
image, poor resolution, or contamination by noisein the system.
In cases of such errors, it is still possible to isolate and study
only those regions that segmented correctly. Depending on the
outcome, each MRI is catalogued by Quality Control as Fail,
Pass, Hippocampus-only, or Partial. Many studies implement
normalization using global values, such as the intracranial
volume, derived from FreeSurfer. If an image receives a Fall
grade, it is not possible to include it in studies that depend on
global values.

18F-Florbetapir Positron Emission Tomography or
18F-Florbetaben Positron Emission Tomography
Analysis

Quantification of regions of interest (ROI) is still defined
manually, but automeatic standardized uptake valueratio (SUVR)
calculations and segmentation of PET images have become the
gold standard [18]. NWSI implements severa PET analysis
pipelinesfor FDG and 18F-Florbetapir images. Before uploading
a PET scan, arelated structural MRI must aready exist in the
system; the user is presented with aform in which an existing
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MRI must be selected. After the PET scan is uploaded, it is
copied to one of the RSs for processing and can be accessed
through aformthat listsall uploaded records, as shownin Figure
9. This form aso contains graphs showing the distribution of
all PET scans uploaded by the user as shown in Figure 10. Once

Figure 8. Sample tabulated output for subcortical regions.

Lizarragaet d

a PET scan is processed, it can be displayed on the interactive
image viewer, as shown in Figure 11 and with white and gray
matter surfaces segmented as shown in Figure 12, and then
guantitative data can be downloaded from the PET scan page,
as shown in Figure 13.

A B £ D E H G H |
SITE ID l;Record_II: Date ac Measuren Left-Lateral-Ventricle  Left-Inf-Lat-Vent Left-Cerebellum-White-Matter  Left-Cerebellum-Cortex
2055 110025 4/6/2016 No Data 215 _-1 -1 23778.1 270.1 15368.7 46407.1
2056 110026 4/6/2016 No Data 215 -1 -1 13807 438.2 13988.8 40207.9
2057 110033 4/12/2016 No Data  215_-1 -1 35533.9 3050 17376.9 47329
2058 110034 4/26/2016 No Data 215 -1 -1 37264.6 2386 4392 26241.9
2059 110038 6/17/2016 No Data 215 -1 -1 14027.4 574.6 12256.4 45011.8
2060 110041 4/8/2016 No Data 215 -1 -1 20431.8 540.6 14090.2 38588.9
2061 110042  5/12/2016 NoData 215 -1 -1 10929.7 531.8 18459.8 55887.7
2062 110044  5/19/2016 NoData 215 -1 -1 16508.6 455.8 16232.2 40618.9
2063 110045 5/23/2016 No Data 215 -1 _-1 19612.1 510.2 10461.2 45045.4
2064 110046 4/28/2016 No Data 215 -1_-1 11629.1 299.8 12619.9 43953.7
2065 110047  5/12/2016 NoData 215_-1 -1 14649.8 765.2 14659.4 48621.5
2066 110048  5/10/2016 NoData 215 -1 -1 12113.8 509.7 14818.2 50881.8
2067 110049 4/26/2016 No Data 215 -1 -1 5548.2 184.8 15444 38776.4
2068 110051 3/30/2016 No Data 215 -1 -1 9556.8 310.2 11621.7 35095.4
2069 110052 5/2/2016 No Data 215 _-1_-1 17536.9 1121 175324 43117.9
2070 110054 6/28/2016 No Data 215 -1 -1 26411.8 1401.7 16145.6 53678.7
2071 110055 4/20/2016 No Data  215_-1 -1 4972.2 145.7 14453 39841.8
2072 110057 5/18/2016 No Data 215 -1 -1 14633.8 252.3 13407.8 39170
2073 110059 4/15/2016 No Data 215 -1 -1 18519.3 896.8 13542.6 41373.6
2074 110060 5/4/2016 No Data 215 -1 -1 15615 870.9 13658.1 45631.9
2075 110073 5/11/2016 No Data  215_-1 -1 6686.7 274 17355 47082
2076 110074  5/10/2016 NoData 215 -1 -1 58060.7 4074.2 9181 46118.1
2077 110075 5/3/2016 No Data 215 -1_-1 22469.9 432.6 14291.5 45991.6
2078 110077 5/2/2016 No Data 215_-1_-1 18309.5 651 16066.1 525124

Figure9. Pagelisting all positron emission tomographies (PETS) in the account, with links to the magnetic resonance imaging (MRI) used asreference.

View PETs

Search Record ID

Apphy
Enter Record IDs separated by spaces

RECORD ID  STUDY UPLOADED

- DATE FILE

SUVR  STATUS MRI PET EXPLORE EDIT

2404 110004 2015/05/25 Download Amvyvid 08 completed R PET e re clete
2405 110007 2015/06/06 Download Anvyvid 22 completed R PET explore clete
2406 110008 2014/08/13 Download Amvyvid 03 completed R PET explore clete
2407 110009 2015/06/16 Download Anvyvid 08 completed R PET explore clete
2408 110011 2015/06/30 Download Amvyvid A3 completed R PET explore clete
2400 110017 PO R AR TN Mevarnlnacd Aruid M romnleted AD DFT  awnlare clata
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Figure 10. Graph showing the Standardized uptake value ratio (SUVR) distribution of all 18F-Florbetapir positron emission tomographies (PETS)
uploaded by a user.
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Figure 11. Higher concentration of 18F-Florbetapir shown in warmer colors of the spectrum look up Table (LUT).
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Figure 12. Positron emission tomography (PET) image is overlaid with the white matter surface (shown in White) and gray matter surface (shownin
Black). Selected region’s standardized uptake value ratio (SUVR) and name of region are displayed in Red at the bottom of the screen.

Figure 13. Positron emission tomography (PET) results page, which shows all standardized uptake value ratio (SUVR) values, links to download
tabulated results, and a graph comparing the result to the averages determined in the system.
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Combined SUVR s
AnteriorCingulateleft{ACR) 1.11 -
AnteriorCingulateRight (ACL) 1.21

176
PosteriorCingulateleft (PCL) 1.1 |2
PosteriorCingulateRight(PCR) 1.1
1.52
FrontallLeft(FL) 1.1 }
=]
w
FrontalRight(FR) 1.1 -
TemporalLeft{TL) 1.01
TemporalRight (TR} 1.04 T o4 =
ParietalLeft(PL) 1.07
ParietalRight(PR) 1.08 0os
- 7 ACR ACL PCL PCR FL
Fl 1l 2

Magnetic Resonance | maging-Positron Emission
Tomography | mage Registration

It is essential that the PET image is coregistered to the
anatomical MRI since al calculations depend on how closely
the anatomical regions of the 2 images overlap. A particular
challenge for aging and AD and other neurodegenerative
diseasesistheissue of atrophy correction. It should beindicated

http://medinform.jmir.org/2018/2/e26/

FR ™ TR FL FR

A PC F T P [ GR G
Regicns

that coregistration to MRI images largely reduces artifacts
related to atrophy. The current implementation alignstheimages
using FSL. The alignment uses 12 degrees of freedom (3
trangations, 3 rotations, 3 scalings, and 3 Skews or Shears).
Then, acustom R script (R isan open source statistics software
developed by Bell Laboratories) opens the coregistered PET
and the FreeSurfer segmentation volume, performing a voxel
by voxel analysis of the intensities of the PET file and
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accumulating the values per anatomical ROI. In relation to these
SUVR graphs, it isnoted that the average over aregion provides
the SUV value over that region of interest (ROI) as given in
Figure 14. The SUVR values are then determined by dividing
the SUVrq by the SUV of aregion of reference (SUVgg) as
expressed in Figure 15. Larger regions, aggregated from
FreeSurfer subregions can also be calculated. SUVR, for
combined FreeSurfer regions (CB), are calculated by a
volume-weighted average of previously calculated SUVR as
described in Figure 16.

Current literature reveals the merits of using an assortment of
reference regions, such asthetotal or eroded subcortical white
matter, the brain stem, the whole cerebellum, or the cerebellar
white matter. SUVR results, normalized by the whole
cerebellum, have been validated using the values reported by
ADNI. NWSI also calculates SUVR using unilateral or bilateral
cerebellar white matter. These values can be exported on
tabulated files. PET imaging with 18F-Florbetaben also
measures global cortical amyloid load and uses a similar
processing pipeline to 18F-Florbetapir images. However,
statistics and results on NWSI are reported separately to avoid
bias. Studies have shown that there are no marked differences
in the diagnostic accuracy of the amyloid binding ligand.

Lizarragaet d

Fluorodeoxyglucose-Positron Emission Tomography in
Epilepsy

PET imaging using FDG, labeled with apositron emitting tracer
(Fluorine-18), or FDG-PET, isused to measure regional glucose
metabolism, which isstrongly correlated to the regional neurona
activity in the brain [19]. To study epileptic conditions using
FDG-PET, in combination with structural MRI, regional SUVR
is calculated using the cerebellar white matter, or the whole
cerebellum, as a reference region [20]. In studying epilepsy,
special consideration needs to be given to identifying focal
conditions in one hemisphere and to account for surgical
resection of regions in the brain. The FDG-PET pipeline in
NWSI allows a choice of severa reference regions, including
the whole cerebellum, the cerebellar white matter, the average
of al hilateral cortical regions (global cortica SUV), or all
regions for a single intact hemisphere, especialy in subjects
who have had a prior resection in one hemisphere. The PET
images are superimposed on MRI brain scans for defining the
underlying structure and brain regionswhich have been resected.
Regional SUVR isderived similar to the procedurefor amyloid
PET scans, and asymmetry in corresponding bilateral regions
is calculated by dividing the difference in SUVR among
corresponding bilateral regions by their sum and multiplying
by 100%, as shown in Figure 17. Reference regions are not
required in this calculation of asymmetry; a difference of 10%
or greater between bilateral regionsis typically considered to
be consequential.

Figure 14. Formulato calculate the SUV value. N(ROI) is the total number of voxelsin ROI(i) , and Intensity K is the value of voxel k in ROI (i) in
PET. SUV: standardized uptake value; ROI: region of interest; PET: positron emission tomography.

Nro,

Z Intensity,

;S‘(]VRO]{_ - =

ROI,

H

Figure 15. Formulato calculate the regional SUVR values, by normalizing with SUV of reference region. SUVR: standardized uptake value ratio.

SUVRy; =

uv

S ROI,

I/RG

Figure 16. Formulato calculate the SUVR value of combined regions. CB represents combined regions, and V (ROI(i)) is the volume of the region.

SUVR: standardized uptake value ratio; ROI: region of interest.
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Figure 17. Formulato calculate the difference between the standardized uptake value ratio (SUVR) of bilateral regions. L and R represent Right and

L eft hemisphere, respectively.
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Diffusion Tensor Imaging

DTI analysis on NWSI is still under development. Currently,
DTI is obtained by executing the DTIFit FSL tool on an
anatomically coregistered diffusion-weighted image (DWI) that
has been corrected for Eddy currents. The DTIFit program fits
a diffusion tensor model at each voxel. The resulting DTI
eigenvalues and related eigenvectors, which reflect thedirection
of water movement and diffusion properties of atissue, can be
shown on the Web interface viewer modulated by the FA image.
DTI is obtained from DWIs. A diffusion tensor is calculated
for each voxel (3x3 matrix). The direction of the fibers is
indicated by the tensor's eigenvector. The images are color
coded, with Red, Blue, and Green; indicating right to left, foot
to head, and anterior to posterior directions, respectively. As
these images are coregistered to the anatomical MRI, further
analysis can be done to obtain numeric values for anatomical
ROIs (see Figures 18 and 19).

Data Convert, Registration, and Brain Extraction Tools

NWSI offers an assortment of other tools. The Data Convert
(DC) tool, as shown in Figure 20, provides an interface to
convert from DICOM and ANALY ZE to NIfTI format. The
DC tool aso handles image compression, image orientation,
and other issues which arise from transfer syntax in DICOM
images. Theinterfaceissimpleto use; it asksthe user to upload
afile and provides an identification field (record ID) and then
convertsthefileto NIfTI. The output result can be downloaded
and used as input to other forms within the site.

The CoRegistration Tool

This tool coregisters one brain image to another, from similar
or different modalities. This form uses FSL tools to align the
images and exports many of the optionsto the user, such as (1)

Lizarragaet d

extract the brain from source images before registration and (2)
define the degrees of freedom, cost function, or angle to rotate
theimages. For most of the AD dataprocessed in NW S, default
FSL registration parameters work well. However, someimages
have noise or artifacts and cannot be used for registration. CRT
allowsthe user to find the registration parametersfor individual
images before they are uploaded to other processing pipelines.
Current and previous results can be inspected in an embedded
viewer. Coregistration is the main step to many processing
pipelines, especially for multimodal imaging.

The Brain Extraction Tool

This tool interfaces with FSL and is extremely useful for
extracting the brain structure from an image in any modality.

Evaluation and Validation

Magnetic Resonance | maging Values

As cautioned earlier, FreeSurfer values obtained from the same
FreeSurfer version can vary among different hardware and
software platforms. Hence, for this proposed Web interface, the
RSs are calibrated, making sure they always provide the same
results before their deployment. ADNI renders FreeSurfer results
calculated on FreeSurfer 5.1. In order to validate NWSI, apaired
t test was performed to compare the values reported in the
ADNIMerge file and the NWSI| results. A total of 20 ADNI
cases were selected at random from the 4 main diagnoses (AD;
early mild cognitive impairment, EMCI; late MCI; and
cognitively normal). One of the selected subjectsfailed ADNI’s
quality control for the Mid Temporal region, but it was
successfully processed by NWSI. Table 1 showsthe validation
of the NWSI resultsin comparison with ADNI data, with ADNI
being the gold standard for Alzheimer’'s MRI analysis.

Figure 18. Sample processed Alzheimer’s disease (AD) diffusion tensor imaging (DTI). V1 modulated by fractional anisotropy (FA). Colors represent
direction of water movement: Green is front to back. Blue is head to foot. Red is|eft to right.
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Figure 19. Close up of Diffusion Tensor Imaging (DTI) image showing the V1 eigenvectors pointing at the direction of water diffusion around the
ventricle.

Figure 20. The data convert toal.

Data Convert

This form will convert from ANALYZE to MIFTI Format. While we will do our best to convert your file the ANALYZE
format sometimes does not save orientation. Support for DICOM will be added in the future. Upload the file as a

tar.gz, with the *.hdr and *img at the root. The output of this form can be given as input to our "Data Upload form®
: Data Upload

Record ID *

Thiis field will help you find this record later.

AMALYZE Image to Convert

No file selected.

Uptoad a single file. If your MR contains multiple files, gzip them into a single file. Maximum file size 2 GB

Allowed formats: AMALYZE, extensions: tar.gz

Submit

Table 1. Magnetic Resonance Imaging (MRI) processing comparison by Neuroimaging Web services interface (NWSI) quality control.

Region NWSI? FreeSurfer 5.3 ADNIP Merge FreeSurfer 5.1 Difference (%) Pearson correlation coefficient  Paired t test®
Hippocampus 7041 (SD 529) 7043 (SD 1404) -3.00 .99 (P<. 001) -0.03 (.9788)
Entorhinal cortex 3252 (SD 717) 3504 (SD 827) -6.50 .88 (P<.001) -2.8(.01)
Middle temporal 19040 20020 -3.40 .97 (P<.001) -5.3 (.0001)
Intracranial volume 1486538 (SD 154661) 1482872 (SD 152534) 2.40 .99 (P<.001) -1.0(0.33)

3NWFI: Neuroimaging Web Services Interface.
BADNI: Alzheimer's Disease Neuroi maging Initiative.
®HO: Difference=0.
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Table 2. Paired t test comparing Neuroimaging Web Services Interface (NWSI) and Alzheimer's Disease Neuroimaging Initiative (ADNI) Merge
18F-Florbetapir Positron Emission Tomography (PET) Global standardized uptake value ratio (SUVR) values.

Results NwWsI2 ADNIMERGE®
Mean 122 1.217
Variance (SUVR) 047 044
Observations 18 18
t Stat(degrees of freedom 17) .26 —
P (T<t) two-tall .79 —
t critical two-tail (SUVR) 211 —
3NWSI: Neuroimaging Web Services Interface.
BADNI: Alzheimer's Disease Neuroi maging Initiative.
CSUVR: standardized uptake value ratio.
ADNIMergeand NWSI FreeSurfer resultsare highly correlated. Discussion

There is a small statistical difference for Mid Temporal and
Entorhinal cortex. ADNIMerge was processed with FS5.1, and
NWSI uses FS5.3. FreeSurfer 5.3 was a major upgrade to 5.1.
Different FreeSurfer versions produce different results, but it
does not imply lack of validity. Classification results can still
bereliably used [21].

18F-Florbetapir Positron Emission Tomography

NWSI PET SUVR values have been validated with the values
on ADNI dataasreported by Jagust [22]. All ADNI PET results
use 18F-Florbetapir. A random selection of 20 subjects from
ADNI was used. Native PETs and MRIs were processed in
NWSI, and the cal culated global SUVR values were compared
with the values reported by ADNI. Table 2 shows the paired t
test results for comparing FLORBETAPIR (a PET
radiopharmaceutical compound used for AD diagnostic) PET
data obtained in NWSI, generated from ADNI cases, to the
results provided by ADNI. This 2-tailed t test shows no
statistical significance (t Stat<t Critical 2 tails) as can be seen
from Table 2.

Cost

NWSI scalability allows alarge number of additional RSs. The
basic requirement is 2 servers—one hosting the Web interface
and the other for processing images. This setup was the initial
prototype which worked effectively for small batches of less
than 20 or 30 sets uploaded simultaneously. The cost of
maintaining 2 dedicated servers is low; services such as
GoDaddy Operating Company provide each server from US
$69.99 per month for a dedicated Linux server. The current
prototype isinstalled on adistributed system located at Florida
International University. Thistype of setup is more secure and
easier to manage, and has a larger price tag. FIU (Florida
International University) paid US $62,000, including hardware
and software licenses. If all the resources are utilized, the FIU
setup can service many regquests, with the capability to process
hundreds of MRIs and PETs per day. The prototype only uses
3 servers from up to 15 servers which can be created on this
distributed system with 8 cores and 32 GB each.

http://medinform.jmir.org/2018/2/e26/

Principal Findings

The feedback provided by medical doctors (MDs) and other
researchers has been invauable. The system, as currently
developed, is the result of many hours dedicated to
understanding the domain of neuroimaging and the needs and
requirements of MDs. The medical images displayed in the
Papaya viewer contain layers defining the edge of the gray and
white matter, custom LUTs created based on how MDsvisualize
the specific results, and many other enhancementsthat emerged
from interacting with the different medical teams who have
used NWSI.

Data entry into NWS| has been evaluated based on user
feedback. The forms, as explained before, are intuitive and
similar to many other forms on the Internet. Uploading an MR
into NWSI is as simple as updating a Facebook or Instagram
status.

New studies are added every month to NWSI. As more datais
uploaded, it is possible to create methods for merging similar
datafrom different sources. Thisallows, for example, using the
control scansfrom one account to enhance another study lacking
controls. Multimodal pipelines can also be created based on
merging PET, structural and functional MRI, and DTI. The
current implementation did not include fMRI, but our colleagues
at the University of Floridawill be processing all resting state
fMRIs to be included in this Web interface, and the DTI
processing is currently limited to few cases, but the intent isto
enhance this work with more cases to be processed over the
next year. Expanding those pipelines will allow multimodal
pipelines to be created for enhanced multimodal studies. New
processing pipelines can be exposed to the user, allowing
inclusion of previously processed cases and broadening the
scope of new studies.

FreeSurfer and FSL were the natural choices for segmentation
and registration, especially since ADNI data were readily
available and already processed using the well-established
FreeSurfer and FSL software. There are other software packages
that also provide excellent results, such as 3D Slicer (an open
source platform for medical image informatics developed by
an international community), AFNI (Analysis of Functional
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Neurolmages: a set of programs for processing, analyzing, and
displaying functiona MRI data, developed by the National
Ingtitute of Health), and SPM (Statistical Parametric Mapping
is a software designed for the analysis of brain imaging data
sequences, developed by members and collaborators of the
Wellcome Trust Centre for Neuroimaging). For future
development, it will be possible to add pipelines employing
these software packages and for the user to select which oneto
use at the upload-form phase.

Conclusions

NWSI provides a platform for storing and processing
neuroimaging data. All data are deidentified before being
uploaded to the server. NW S| is accessible worldwide. The user

Lizarragaet d

interacts with the processing pipelines through a simple
interactive Web interface, which allows the usersto upload and
process images of the brain and view the results directly on the
browser. The multiuser interface allows privacy among
researchers, as well as data sharing. Data are protected on the
secured server, whereas communication with the user is
encrypted. Pipelines that process structural MRI and amyloid
PET scans have been validated with existing and
well-established databases such as ADNI. NWS| stores al
results in SQL tables and files, facilitating the selection and
processing of existing data into new pipelines. As such, NWS]
offers a complete solution for neuroimaging studies with
multiuser toolsfor data processing and visualization, aswell as
for downloading to other platforms for further processing.
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CT: computed tomography

DC: Data Convert

DTI: Diffusion Tensor Imaging

DWI: Diffusion-Weighted Image

EMCI: early mild cognitive impairment

FA: fractional anisotropy

FDG: fluorodeoxyglucose

fMRI: functional magnetic resonance imaging
fswiki: FreeSurferWiki

MCI: mild cognitive impairment

MD: medical doctor

MRI: magnetic resonance imaging

NWSI: Neuroimaging Web Services Interface
OS: operating system

PET: positron emission tomography

ROI: regions of interest

RS: replicaserver

SUV: standardized uptake values

SUVR: standardized uptake valueratio

VM: virtual machine
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