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Abstract

Diffusion tensor imaging (DTI) has shown microstructural abnormalities in patients with Huntington’s
Disease (HD) and work is underway to characterise how these abnormalities change with disease
progression. Using methods that will be applied in longitudinal research, we sought to establish the
reliability of DTI in early HD patients and controls. Test-retest reliability, quantified using the intraclass
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correlation coefficient (ICC), was assessed using region-of-interest (ROIl)-based white matter atlas
and voxelwise approaches on repeat scan data from 22 participants (10 early HD, 12 controls). T1
data was used to generate further ROIs for analysis in a reduced sample of 18 participants. The
results suggest that fractional anisotropy (FA) and other diffusivity metrics are generally highly
reliable, with ICCs indicating considerably lower within-subject compared to between-subject
variability in both HD patients and controls. Where ICC was low, particularly for the diffusivity
measures in the caudate and putamen, this was partly influenced by outliers. The analysis suggests
that the specific DTI methods used here are appropriate for cross-sectional research in HD, and give
confidence that they can also be applied longitudinally, although this requires further investigation. An
important caveat for DTI studies is that test-retest reliability may not be evenly distributed throughout
the brain whereby highly anisotropic white matter regions tended to show lower relative within-subject
variability than other white or grey matter regions.

Funding Statement

This work has been supported by the European Union — PADDINGTON project, contract no.
HEALTH-F2-2010-261358. RS is supported by the CHDI/High Q Foundation, a not for profit
organization dedicated to finding treatments for Huntington’s disease. This work was undertaken at
UCLH/UCL, which received a proportion of funding from the Department of Health’s NIHR Biomedical
Research Centres funding scheme.

Introduction

Magnetic resonance imaging (MRI) is a valuable tool for investigating the progressive changes
caused by neurodegenerative diseases, such as Huntington’s Disease (HD). A popular variant of
MRI, diffusion weighted imaging (DWI) and the most commonly used analytic model, diffusion tensor
imaging (DTI), can offer unique insights into the microstructural properties of both white and grey
matter. Accordingly, DTI has been widely used to demonstrate regional neuroanatomical
abnormalities in symptomatic HD patients 2345 as well as in premanifest HD-gene carriers 67:8 |
indicating that the technique is sensitive to some of the earliest neuropathological changes in HD.

One major strength of MRI is the ability to collect neuroanatomical data from multiple timepoints on a
given sample in order to carry out longitudinal research studies; particularly pertinent in progressive
diseases such as HD. Already, volumetric MRI has quantified on-going caudate nucleus atrophy
across multiple disease stages 19, and offers utility as potential biomarkers of disease progression.
Longitudinal DWI has been performed in HD '"12.13.14 byt these preliminary studies have been
limited in scope and provided inconclusive results (see '° for review).

Compared to T1- and T2-weighted imaging, DWI is prone to higher levels of image ghosting,
susceptibility artefacts, eddy currents and geometric distortions, due to its reliance on single-shot
echo-planar imaging '6. Crucially for movement disorders like HD, DWI is particularly sensitive to
subtle bulk motion effects '/, meaning motion-induced signal loss is greater when compared with
volumetric methods. These factors combine to increase the signal variability in DWI, thus it is
important to demonstrate adequate test-retest (i.e. scan-rescan) reliability, if DT is to have utility as a
tool for accurately quantifying progressive microstructural changes. If within-subject variability (i.e.
scan-rescan variability), influenced by the random occurrence of signal loss and distortion artefacts at
different timepoints, is large relative to the between-subject variability at any one timepoint, then
sensitivity to meaningful within-subject signal change will be compromised. Metrics such as intraclass
correlation coefficient (ICC) can be used to quantify variability in order to provide an indication of the
reliability of measurement technique.
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Acceptable reliability of DTI metrics per se has been demonstrated previously in various settings
18,19,20,21,22,23,24 "including in HD “3 ,however, what is apparent from these studies is that estimates of
reliability vary considerably. Factors such as the specific image acquisition parameters, scanner
characteristics (e.qg. field strength, manufacturer), data processing methods or brain region under
investigation 222425 all lead to differing estimates of reliability. Hence the reliability of the specific
techniques adopted in a longitudinal DTI study should be established, particularly if those techniques
are to ever meet the exacting standards required by clinical trials; the long-term goal of MRI
biomarker development. Furthermore, the presence of minor HD-related chorea in early HD patients
may mean that such participants are more prone to inducing motion artefacts, reducing the signal-to-
noise ratio in their acquired datasets and thus potentially leading to a problematic bias when
comparing longitudinal changes with control groups.

The aim of the current study is to quantify the reliability of DTI measures in a sample of early HD
patients and controls, specifically using those methods that have demonstrated cross-sectional
sensitivity to HD # and will be used in on-going longitudinal studies. In addition, reliability will be
compared between early HD patients and controls to investigate any potential disease-related group
biases that may influence test-retest reliability.

Methods
Participants

Ten early HD patients and 12 healthy control participants (see Table 1) were scanned at 3T
(Siemens) at the Institute of Neurology, University College London. Early HD subjects were required
to be within stage | of the disease 2%, defined by a Unified Huntington’s Disease Rating Scale
(UHDRS) Total Functional Capacity (TFC) = 11, indicating good functional capacity. Control
participants were spouses, partners or gene-negative siblings of the early HD subjects. Inclusion
criteria included participants being over 18 years of age, free from major psychiatric and concomitant
neurological disorders, not currently participating in a clinical trial and no contraindications to MRI.
The local ethics committee approved the study and written informed consent was obtained from each
participant. Participants were drawn from the larger PADDINGTON study (Pharmacodynamic
Approaches to Demonstration of Disease-modification in Huntington’s disease by SEN0014196),
designed to assess potential biomarkers of HD “. This specific subset was solely drawn from the
London site where we had access to the scanner and participants were included where additional
free time on the scanner was available to allow the repeated diffusion scan.
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Table 1. Demographic characteristics of early HD patients and controls

Baseline characteristics Controls Early HD patients

N 12 10

Age (Years) 45.88 (15.69) 23.44-67.87 50.97 (7.68) 42.19-66.46
Sex (male/female) 4/8 3/7

CAG repeat length 43.3 (2.4) 39 - 46
Disease Burden [age x (cag-35.5)] 388.8 (114.56) 232.6 —563.4
Total Functional Capacity 13.0 (0.0) 13-13 11.5 (1.27) 9-13

Total Motor Score 0.125(0.35) 0-1 22.8 (10.79) 7-45

Values displayed as mean (standard deviation) followed by range, for continuous variables. Discrete
variables show counts of numbers. Disease burden calculated according to the formula by Penney et
al., (*?). Total functional capacity and total motor score are taken from the Unified Huntington’s
Disease Rating Scale (UHDRS).

MRI acquisition

Two diffusion-weighted MRI scans were acquired at 3T for each participant using an EPI sequence
with the following parameters: TR = 7600 ms, TE = 84 ms, 65 axial slices of 2 mm thickness, with no
inter-slice gaps, acquisition matrix = 96 x 128, in-plane resolution of 2 mm?, resulting in isotropic
voxels. Diffusion data were acquired in 42 different encoding directions with b = 1000 s/mm?, along
with 7 b = 0 images. The same protocol was repeated immediately in order to acquire back-to-back
datasets for test-retest reliability analysis (i.e. the participant was not removed from the scanner
between acquisitions). The scanning session also included collecting a high-resolution T1-weighted
MP-RAGE scan for region-of-interest (ROl) segmentation with the following parameters; TR =
2200ms, TE = 2.2ms, flip angle = 10°, FOV = 28cm, matrix size = 256%256, in-plane resolution = 1
mm?, slice thickness = 1.0 mm with no inter-slice gap. Visual quality controls assessed the following:
compliance with relevant acquisition protocols, minimal artefacts (e.g. movement, intensity) and head
positioning.

Image analysis
Pre-processing

For each participant the two DWI scans were randomly assigned into one of two independent pre-
processing and statistical analysis streams. Procedures were carried out for each stream separately.
This was done to ensure no effects of acquisition order influenced the results. Firstly, diffusion-
weighted images were registered to the mean of the seven b0 images to correct for motion and eddy
current distortions, and the gradient direction scheme was updated accordingly. Subsequently, a non-
linear least-squares method was used to fit the tensor at each voxel. Scalar maps of diffusion metrics
such as fractional anisotropy (FA), mean (MD), axial (AD) and radial diffusivity (RD) were then
derived from these tensor images. In order to carry out a comprehensive assessment of test-retest
reliability, three different approaches were used: a T1 ROl analysis (as per %) where the analysis was
conducted in native diffusion space, an atlas-based automated white matter ROl analysis and a
voxelwise analysis.

T1 ROl analysis

Four ROIs were defined on the T1 images. For the caudate, corpus callosum and cerebral white
matter regions manual delineation was carried out using the MIDAS software package 2’. For the
putamen the automated BRAINS3 program was used 8. The resulting ROIs were transformed into
native diffusion space by first registering the T1 image to the participant’'s FA image, using an initial
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affine registration, followed by a non-linear registration, necessary to account for the non-linear
distortions found in DWI. This was achieved using Nifty-Reg (http://sourceforge.net/projects/niftyreq)
for both the affine 2° and non-linear 3° stages. The transformation from T1 to native FA space was
then applied to the binary ROI labels using a nearest neighbour interpolation scheme. Registration
accuracy for all data was assessed visually to ensure accurate placement of ROls in diffusion space.
The mean FA, MD, AD and RD values across the corpus callosum, cerebral white matter and bilateral
caudate and putamen ROls was then calculated using FSL (http://fsl.fmrib.ox.ac.uk). Four control
participants did not have T1-weighted scans and were excluded from this element of the analysis,
leaving 10 early HD patients and 8 controls with data for the T1 ROls.

Automated atlas-based ROI analysis

Tensor images were converted into DTI-TK format (http://dti-tk.sourceforge.net) to run tensor-based
registration, a method shown to improve registration accuracy compared with using FA images °'.
Using the standard DTI-TK pipeline, a ‘bootstrap’ template was defined by an affine registration step
to put all subjects into approximately the same space. Each native-space tensor image was non-
linearly aligned to this template, using an iterative approach to refine the accuracy of the registration
until the difference between successive iterations becomes minimal, based on the Euclidean distance
of the tensors 32. Affine and non-linear transformation parameters were combined to allow the native
space tensor images to be warped to common space in a single interpolation step. Once all the
images were in a common space, the mean FA map was generated to act as a study specific
template. As mentioned above, this was done independently for both processing streams; hence two
separate templates were produced.

With all the tensor images aligned to the group template, FA, MD, AD and RD maps were generated
for each participant. The next stage was to take the white matter ROls defined by the ICBM-DTI-81
white matter tract atlas 33, which is supplied with FSL and contains labels for 48 white matter regions.
The 2mm?3 ICBM-DTI-81 atlas image was registered to the group FA template using Nifty-Reg to run
an initial affine step followed by a non-linear refinement stage. The resultant transformation was then
used to warp the white matter label files to group FA template space, which were finally thresholded
at template FA > 0.2 to reduce partial volume effects. Mean FA, MD, AD and RD were then computed
across each label region using FSL. This was repeated for the second processing stream and the
resultant values were used in the subsequent reliability analyses.

Statistical analysis

As a simple assessment of agreement, Bland-Altman plots 3* were used to examine variability of DTI
metrics within each T1 ROI, with HD patient and control data combined.

A common measure of reliability, the intraclass correlation coefficient (ICC) was used to assess the
reliability of the scanning procedure in greater detail, and was calculated for controls and HD patients
separately, for each region. Confidence intervals (Cls) at 95% were obtained for ICC values using the
delta method. The within- and between-subject variances were also calculated for each measure.
ICCs were unadjusted for age and sex in order to avoid making the methods incomparable with
previous studies of DTI reliability 2224,

Voxelwise analysis

A similar procedure to the atlas-based analysis was used, with the addition of a within-subject
registration step, in order to increase the likelihood of voxelwise correspondence across the brain.
Again using DTI-TK to register the tensor images, scans from both processing streams for each
participant were co-registered using the initial affine and iterative non-linear steps as detailed above.
Once co-registered to an unbiased ‘mid-space’, the subject means were calculated and then fed into
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the registration pipeline to define a group template, this time combining scans for both processing
streams. The transformations from the separate registration steps were then combined together to
allow registration from native space to this combined group space in one interpolation step. The ICC
could then be calculated for both FA and MD at each voxel using the fsimaths utility in FSL. This
registration procedure and subsequent statistical analysis was first completed using the 10 early HD
patients and the using data from the 12 control participants.

Results
Regional reliability analysis

Test-retest reliability of T1-based and atlas ROIs showed generally high ICCs indicating good of
levels of reliability (Tables 2-5). This was the case for all diffusion metrics (i.e. FA, MD, RD and AD).
However, some variability in reliability was present across different brain regions.
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Table 2. ICCs for mean FA values from ICBM-DTI-81 atlas and T1-segmented regions

Regian FA

Early HO Contrals

Batween-subject o’ Within-subjecta”  ICC Between-subject o Within-subjecto®  1CC
ICBM-CTHEL atlas
Amerion corona radiata Left 14.543 033 5TA 05T, 0% 1LTIS o U385 (0565, 0.357)
Amerion corona radiata Aight 120615 LT DUSE (0BT, DG GAMT 0382 U545 0. B2, 0,363
Amerior limb imtemal capauie Left A58 1045 0T (O, 0E3T]  BBED 135 CUBGA (005, 0.358)
Anterior limb infernal capnule Left pEEr] LT GuI (0.5, 0.55) LELH Q18 G358 (0LBER, D.388)
Hody of corpun callosum LA o245 i (DU, DOt EE L o Ul (DB, 0.9E1)
Canvitral pdinels Loft 5500 HHIE (501 (OLI06, DAY 1860 1E0E (.79 JE5D, 0.434)
e remeal s e W gRL 11,388 5 G0 656 (0T, 090S]  BAE L7 (8T [E5H, 0LU55)
Gingulum |cingulate) Lift 12172 0433 359 (065, D9E9] LSS DB 2352 (0.ESE, 0.965]
Gngulum |cingutate) Right 36841 155 0036 (1366, [L535) 1211 1131 00309 (0748, 0.7
Gingulum | hipsocaem pas| Left 26133 2554 0231 (0726, 0L575) 14.135 1.155 0:324 (0. THE, 0.376]
Cingulum | hipgaeam pas| Right 9457 oM DUETL(RSIT, DAE]  Anem 598 B9 (0,251, 0.878)
Coriconping| tract Lefa 10,084 TS 0730 (0T, 0835 1ETEN 1015 US4 (0LBED, DUFRT)
Corticonpina| tract Right 1285 nam GuST [DLLAT, DLBAS) 1585 518 GuBE 0,052, 0303
Extorral capuls Lt Az 03Ea DU (OURRD, 0BS5S HAEE LT 017 (o TER, 05T
Extrrnal capuls Bipst 4 BES oay GuBE JELETY, D08) ET i Gubdrh 65, 093]
Fernix cned (itsla terminals] Left 1EM F3201 (80 (0.7, 0474] 5608 L1 2708 OS5, 0.914]
Feaiin criet (380l terminais] Right 5259 1523 09007, 0974] 646 1560 812 §0.541, 0.940)
Famin 19124 4561 (305 (0,487, 0945] 35354 5773 (:859 [0LE3E, 0.955]
e of ropes calioum 13518 03 0373 (007, 095F]  GULEL 0156 1353 (0LETE, 0.3E7)
Inferion cerebelae pedundle Lef L8655 1548 B34 (0762, 0578] 2543 L1377 0643 (0,298, 0.365)
Infarior cenebelas pedencle Right 15478 1825 0UITI (OUEIT, DBEA]  ATEZ LITE GUSIH (0,174, D.A5T)
Mrdial lemnisos Lett 1441 nas4 GUTZ (0EM, D] AT 113 GuB (0. 785, D.8ET)
Mrdisl leminivam Right 1R068 12061 0813 (2720, 0B 18T A .IKD (LD, 08an)
Pontine trac 2615 166 Gl (5 e, 0uBEL) 18557 112 GBS (huind, 0|
Pt czrona radiata Lefl 12,088 i ol (EUELY, DABS] 150048 850 o6 (ELEY, 0.9ED)
Pewt corona radiaty Rigat 7433 nas (954 (O.BED, DGEH] 7.9 fLEAE (R 0T, (.965]
Patleri b iernad capiube Left 1979 0567 G777 (0489, 0937] 364 a0 (300 0 TRE, 0.368]
Paslerior i ilerrad capsube Bigst a.143 0633 (367 (064, 0963] 328 £LE0D 00343 (0, 0.350)
Pasl thalamic radiartion Left 13336 045 365 (0EH2, 095 L3ETT 053 U362 (0584, 0.354)
Past thalamic radiation Right 190652 036 0367 (0LBS0, 051 10T 0453 0U359 [0LETE, D.3ET)
Resrolerticelar intemal cagwste Left 14,145 om GETTIRSEA 0AM]  TIMS oeay GUBET (0BT, DR
RArtrolerticelar intemal capesie Right 7A44 nar G (OBED, DRET]  RTRS 1.3 GUETS (0.6TE, D.R60)
Sagiteal viratus Lofe T o918 Gt (SUERE, 0968 TR amy Qs (271, O.ReE)
Sagittal stratus Right (¥ [TTH o1 (0. FA, DATE]  BAED 6L 18 0. TE4, 0.9T)
Splenium of corpu callosem 14,658 nie 903 (0T, D8] ATER T (65 (0851, 0.995]
faspurthon cenebaslar pedurale Left 11548 1325 304 (071, 04TI] 5782 LT (85 0T, 0.965]
Saupeirban cetbalar pedurle Right 5805 150 0659 (0,330, 0916] 5275 1306 065 (0358, 0.904]
Susperiar porosa radana Lefy 5476 0106 364 (0534, 0955 116N 0 00364 (0535, 0.355)
Susperiar porora radiasa Right 5813 03 D367 (0.BHS, D51 G543 s U365 (0S5, 0.385)
Sasperiar ronte- ool pial favdcuu Lef 5AI7 A557 0uBd (0162, 00F] 14078 1455 00506 40,741, 03T
Supnrior fronto-oocipitad fasciculin Right 1140 a8 1RGO, 0ATT] TR 115948 B.713 §0.082, 0.508)
Supnrior Long fanciosks Left 7056 0153 CUFTR(OEE, DR AT 21m CuRe (0LNRE, 0.3RS)
Sesperior Long fascioska Right TS i) Rk (DU, 0ae) SE1% -8 -] i (DLEAL, D9ER)
Limcimate fasciosha Left 7289 a2 (620 (0046, DASE] 13000 1704 (Ui ELEPS, 096
Uiscinane Taschosha Right 167 534 B5T7 (0103, D] 16364 1353 (u834 J0.545, 0.947)
T dagrnented
Cawdate 1n.1s 1258 0UF14 (2.7, 0978 a11s o QEI (0T, D588
Putismies 9475 1025 06 (0TLE, 0974] 10447 1199 0833 (057, 0.960)
‘Whise martter 2559 07 0U3ET (0555, 056 1468 oy U350 (0.BLS, D.368)
Corps calmium Fre 0546 (ETT (OUBAE, DUES] 44932 1148 (0807 (0. 28E, 0.929)

I10E = intraclass comelation coefficient, shawn with 35% confidence intervals in parentheses, @ = variance [reported as ¥ 107). FA T3 kes walues bebween O and 1.
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Table 3. ICC scores for mean MD values from ICBM-DTI-81 atlas and T1-segmented regions

Region D (mem’fs)

Early HD Controls

Between-subjecto©  Within-subjecto¢ ICC Between-subject 0°  Within-subjecto®  10C
KBM-OTHIL stian
Anberier corena radists Left 48 o 0074 (0412, 009%)  11HE 195 0 |LD4E, 5848
Anterier consna radiata Right AW el 0978 (040, 099) 9355 DL1ek D576 | D506, S|
Anneiior b el cagsle Lef 13063 DA3E 0968 (5L, 0991  MDsE LR R) OFLE (DT, 2T
Arnerior limb imemal capsule Lef A1 L 0955 (A5, 98T 4557 1156 D797 |LELE, 0u995|
Body of conpus calosam GLADG L1035 DG83 (D542, 0955 6532 e LEET |DLESE, 0.6
Cereheal peduncie Lett LIE ] 1237 077 (348, 03IT) 5056 13155 LTIV (D403, 3513
Corvbrnl prduncie Right 47583 LTS DATE (D880, 0.085)  BRESS A DLEST (KT, DAE|
Cingulum {ongulate)i Left ABIT DLEDE 0341 (211, O9ET) 730 LY SEad o Ty, SRaT
Birgadum (crgul ste) Right 15,063 LEE D840 (2584, LO5T) .86 LEIS B.EAE BT, Gk
Cirgulum (hppeeampn) L 5459 . 0904 (3712, 007%)  1EEE) oLs BL954 |0LEEL, B8]
Orgulurn | ppecam pu) Righ Ay 4045 0552 (03, Do3d) 11535 L OTEY |3, doFhl
Cothiodes vl it Lefy 1253 5.52E QUSES (3,313, 0998 33530 1450 0,958 |LETE, 967
Comtiopspiral ract Right 13,157 LILE 0804 (0455, 0.045) 25712 EAL1 OLEDO {0522, 0V
Ewternal capsuie Lett A5 e 03563 353, 0955 7413 1ap] SLBAE |DLELZ, 3552
Driermal capauie Aight AR D 0985 (A, 0.93) amy 185 AT (091 2L
Fornix cre |vire termisaliv] Left LEES L] 1 DFE0 [ZAEA, 0ORE) 140037 ER CURSD|DELE, D552
Fornix e [viris Sermisalin] Right 138513 14200 0907 (BT, 0938 1RER0 1641 GLET |DETS, D61
Fainis MTE K U2 (3007, 000%)  3EESE0 EL34T DLESY |LE3D, 454
G of eoepus cilleum HDAED 1188 D966 (REBS, (L090) 69584 el 0840 |0LEIT, D1
Islerion cerebellar pedurcie Left SHAH LM 0938 (074, 0397 7454 L0331 DTS5 (0513, Bu355|
Bl perebelar peourale Rght nam 054 0902 (3705, 0978 1LD62 315% OTTE |l 0|
Medyl kermabon Lefy 718 5.6 0807 (3501 D545 9500 &3] 0743 |DLE2E, 00518|
Medial kermnbon Righs T 11554 D555 (01T, 0905  LRERD L5 BT |DSTL QUS|
Posting tract »am LTI 0.906 (3,716, 0.978) 0.0 1437 DLES5 |DLBGE, 0586|
Pt corona madints Left 18598 oz 05T (2510, 0883 10006 o144 CLENE (BT, D]
Paif carona radiatas Right 15214 o DOEH (2560, 0T @082 fLELY SLEC |LTIE, O
Paiferior lirml intemal capsule Lt 4308 e OBED (611, L0E1) S5ER DLESS DB LT, Cules|
Piriterior lirel irtermal capsule Right TE4E 05T 1932 (1767, 0L881) 4777 fLEa1 £LEAS |LEOT, D851
Pkt whadasm i raclanion Lef B ii4 0986 (0352, 0996) LEEXS sy 0573 |0ELT, S|
Pt whd 2 i il anian Right S3.057 D1se 0957 (990, 0935 35558 18 D560 | DLES, 0567
Retrolermbtar imterrad 0 paie Lot ALADS LASS 0556 (0451, 08E) M6 LI0E LESM |0LTLE, 0U6E|
Retrolermicular imierrad capruie Right ais oy 0836 (3757, 0985 11371 0 EUSES | 0LSOT, G550
Sagittal ptrartum Lak E1ADD L 0967 (DN, 0.951)  1R.5M FE ] LB (DL TLI, BAeE|
Sayittal stratum Right o F] o0 0871 (0501, 0965 A3 1604 OLENT |0LS%0, O]
Splanium of corpu callaium BEAED L DOTE (807, 00NY)  LRFID 1% OB B, S|
Suger oo rebellar pedusele Lell RF ] BOSE 841 (R5EA, 0LOSE) 28751 £ T8 BLEAT | LSO, B9
Superios cetelbellar pedusche Bight 45005 BBl 0872 (0635, D064) B4R 13677 DUETS (331, DulET]
St DM Relaa Lt pEAM Ly 095 (1369, 0998 5534 HEELY D577 |LS2E, 0u99|
SUPEF DO R Rl 1458 015 0989 (0960, 0997 5000 DELE D507 |43, 2T
Superior Tromio-ceriphal 1aaciosks Lett 54153 433] 05976 (3768, D975 13123 1083 D523 |0LT33, 0U5Ts|
Superior fosto-oeciphal faaciaskes Rigt TEL 00N 1nom D587 RS 095 2159 1m 6T (DL, s
Superior Lang Fasccuius Lef 15,008 0191 0987 (D556, 0.056) A0 o LF4 |0 THY, DATE|
Superior Long fasciculun Right 1h488 o 0983 (098, 0595)  S817 oo 0.BAY |DEAD, DR
Uncinaba fascului Laf 18163 1T DS00 (3402, 048 10197 L18E DT |D4ST, 4|
Lnnate fasetul Right ¥ A0 51 (MSED, (LOSE)  5.450 1145 LEDA |[LEEE, 3984
Ti segrrenned
Carwilil 51367 103 0340 (U565, 0955) 1788 1447 0483 |DGd, |
PAamen 35343 1594 0947 (3437, 0535 5363 0335 0550 |LELL, 0u56|
‘Wihite masier L=t nme 0557 (0550, 0955 6013 a1 0583 |53, GuE|
Corpr calloaum 1710 LN 0539 (G778, 0980 3.500 1M SLTEY |DITE, G|

ML = intraclass correlation coeffident, shown with 25% corfidence irbervals in parentheses. 09 = varionze [Feserted as 2 1057
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Table 4. ICC scores for mean AD values from ICBM-DTI-81 atlas and T1-segmented reglons

Reglon AD [rmm?/s)

Early MD Contrals

Beatweern-dubject ¢ Within-subject o T Between-subjec o’ ‘Within-subject of  ICC
RO THEL atlen
‘Americr corong radists Ledt My o.70% DS DAL 058 15843 ‘a1 .59 [0.574, QA
Amerior corona radiata Algt 1411 Y :H] N5EL 0936 0996 11727 D167 0USBE (1556, 0996
‘Amieriar limb imtermal capsule Lefy 10311 ousa3 0516|0743, D976  13B31 1260 LT (.77, DUST4)
Armnerir lb intemal capule Left 53170 1E73 0953 J0LB46, 0967  8.932 1204 (281 (0584, 0U362)
Bty of corpui caliierm 4263 [LESH 0963 0957, 0997]  6.E7 LS (ETS (D569, BuB60)
Corbral puduscie Ledt 7411 13 436 0737 0385, Q036  2RE4T 12,383 (UENT 0361, BB04)
‘Carsbral peduncle Right &1 608 0504 0760 (0TS, 0542 RO LI R [0, hEI)
Cingubsm {cingsiate) Left 17121 1] 0552 {0843 058  1LEST 0548 0.505 (0812, BuSTS)
‘Ongukem {cingalate) Right 2,360 2028 0533 {0785, 096N 1036 LE:LE] 0,733 (D411, BHLE)
Ongubsm (hpeocam pus| Left E5.781 EO078 0915 0741, D976 19260 0765 0363 [0.384, 0.38E)
Cingubsrn | b poca mpus) Right 13588 .75 0806 |0.439, 0945 8307 ABEY [uE31 (0277, DuEad)
Cartaonpinal trmet Left 15721 4,668 0771 §0438, 0936 28832 0950 (UIGE (0304, 2.990)
Cortenupinal trac Right WL E.85T 0615 0201, DAeS|] 20518 BT T (AT, BACE)
Ixternal capusle Left 34555 o.732 057 (020 0% 11550 LEkS GUETD [0USED, DURAE
Extermal capusie Rigit 12 -1 050900 0552 6. 1651 0UI02 D535, 0USAT)
Faomin ores [#aria terminalis) Left 107.033 2.885 05740911 05953 17029 1A12 DUESE [0.534, DU555)
Famia Dres (#1113 termirabs) Righo 170,419 11938 0935 0753, D962 21463 LBHL (UEBE (0555, 0U564)
Famis HLETS 37155 0863 0660, D967 403973 T1ASE (LB4E [0511, 0952)
Gan of cors callmius #1355 1.007 0076 §0.930, 0993 10300 [ (.63 [0BET, BSEE)
Infariar cerabellar peduncle Left R 2087 0547 J0RIA. 09ES] 4471 132 0,710 (0379, CoPOR)
Infarior cerabaliar prouncie Right 7 .10 054 0RO D58 6281 LEa GABE (0280, CLERE)
Medial lemmisces Left a7 4,704 NATL {0633 056 7474 LB4G 0.724 (0358, DR
Medial lemedsos Right 4850 14157 0537 |0.255. 0900) 11327 T.859 0.580 [0.233, DuET3)
Paftiee T .561 1.753 0947 0LB1A, D984 27813 1327 (555 (10264, 0.58E)
Past corena rasisna Left 5 969 o.ra3 0972 0906, 0.950]  1EBE4 0364 U1 (0,947, 0u804)
Pl eorena radists Right 17,554 [ ] 0084 0046, D096 10064 1068 081 (0,753, 347
Pextmrior limb inbamal capuede Lt 1787 BEM 0A23 {0515, 0547) 5430 A5TE B:H18 (0,758, 0471
Posterior limb inbemal capwsie Right LAkl 15 0511§0.729. 0575 4205 nsea QT [D87H, BuS61)
Past thalamic radiation Lett 79T L12 0585 0950, 0996 22157 LA DT (0534, 0593)
Past thalamic radiation RLgst E54T1 0320 0955 0383, 0998  35.550 1311 (U365 (0854, 0U385)
Retrobe bular imersal cassule Lt L] D.E3S 0974 §0.930, 0953 10385 0818 UL [0.770, 0uS74)
Retiinhe it bcosdar rersal cinssul Bight 11684 (.563 0954 0840, D967 13056 0758 (6 [0.342, 0u503)
Sagittal viratum Left 57484 21.184 0962 OATS, 008 1E&0E pIFE ) 80 (0720, CubEE)
Sagitial virahum Rigs M T 0567 {OLRS0. 0561) BB Lakz GO (1548, 45T
Spleniem of corpus caliosum L5001 1852 0561|0505 055 1728 aTn 0U351 (855, Cu584)
Saperior cerebe ar peduncle Lt 53,160 2.196 0865 0619, 05962] 25116 L .88 [05ED, U562
Superind cench: ar pedundle Rige HL5ZE 7.533 0845 0579, 0957 25840 12,441 0706 [0.372, 0507
Superind corona sadlara Lefy AT 0.283 0967 0955, D9%6| 11505 0151 (U3ET (0360, 099E)
Saperioe conena sadiata Right 11,804 oLHS D962 0936, D996 B0 [T 0:353 (0859, B.9A5)
Susperiar frarks-cecieital favciculens Left 41508 4,358 0906 073, 09M]  16TEE 1264 0800 0800, BT
Superior fronts-coripital Fascioulos Right 740602 5928 0987 {0086, 0908 JLE02 14508 GUEBE (004, CR01)
Susperior Long Tasciculus Left 17972 [FFL] N5E7 {0956 059 5572 hE T QU35 (0840, 0U583)
Superior Long Tascicuius Right 14,585 0353 05760918059  7.9% nAIL U506 [0.780, 05700
Usciraite Fascioulis Left 12.355 4302 07472 0352, 093] 13628 1510 U500 [0.727, 0U56E)
Lisciraite fascicadin Right .64 £.510 0804 |0L435, D945 11556 La0 (RS [(5ET, DuS4E)
Ti sngrarmed
Eaudate P $.357 DA34 {0514, 0] 10ES 14543 £:549 (0332, 5401
Putamen Al ] 2158 0517|075 0577 10808 nmsl 0:591 [0.564, 0598
‘White matter 10,856 1] 0557|0950, 059 4848 G DUSET 0545, 0597
Compias callosum 15,002 1600 0509 (0724, 0574) 6736 L33 DUEDT [0.1E7, 5L

ICC = Intraciass carrelation coefficient, shawn with 955 confidends intervals in parentheses. 0¥ = variance [reported as x 10,
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Table 5. ICC scores for mean RD values from ICEM-DTI-B1 atlas and T1-segmented reglons

Region RD [mm"/s)
Earty HD Controls
Betwesn-subject o' Within-subject o’ 10C Beteween-subject o° Within-subject o ICC

ICBM-CTHEL atlas
Arntrior corona radata Let e LoET D350 (0.B37, 0585 LES3IE 0510 0564 (2:253, 0585
Annerior corona radiata Right mm E3] 0363 (0.892, 0551]  15.495 1339 0.520 (0.776, 0.975)
Anserior limb Imemal capaule Lett 6385 55 DSTIIOEES, 053] 5116 1859 0.729 (3405, 09141
Angerior limb Imermal capaule Lett 54883 A B 0553 (0,846, 0587 2335 1534 0579 (3:2EL. 08§51
Rocdy of corpun callcsum sEmz 1T DSGA (000, 05HL] L0400 10m 0513 (2784, 0873
Combral peduncs Lett o 11351 DAIE(0.540, 053] STAAT 1170 0.780 (34K7, 09300
Earebral peduncis Right €280 LR GH11 IS0, 0078] 115084 ) 0.38 (12, A7)
Cirguium |cinguiats] Laft 1881 a1 0953 (0,845, 00K 15534 1388 0.938 (2,770, 0974
Grgulum |cinguiate) Right T4 .53 0763 (426, 0934]  1EESE 4480 (830 (3554, 0.935)
gl |hipetamn pai] Lelt 45041 187 G2 (0.590, 0A5E] 30529 1EH (354 (2.742, (L9€6)
Cirgulum |hippesam put| Bgh a4 159 D43 (0085, 0863]  2LED a8 085 (2569, .845)
Comoospinal vact Lefy 11520 12418 0A4TL (0,108, 0867]  50.17% 6264 01389 (2.704, 0.9€5)
Comotapnal wadt Right ITEE 1385 0364 (0,880, 085]  3RHD 1472 0340 (2557, 0.348)
Esiernal 03 piube Lett 38 M5 a7 0SB (0530, 095 4877 1272 0.753 (0:508, 0.934)
Exiernal capsube Right 17,258 1080 DL (DELD, D8R 4150 3 0531 (0,176, D857
Fomix cres [voria terminalis) Lefs 185,563 165E 0517877 0579 310713 a5.243 0873 (0u665, 03601
Famix creg [roria terminalis] Right 47T Ty DSEL (10, D5EL  LLISE a7 0.727 (2400, 031H
Fomix [ 15451 0,775 (0445, 0507 LEGGE Ao 0833 (2U360, (L5440
Garu of oorpas calowm FLE -] 1.m4 CURGL (DLETH, O568]  B1EL 1410 OHIK (T4%0, 09425
I-Frizr errbelss prdonete Lei M188 FX U804 (0,405, 0.048]  JE.13E a8 0.8E3 (2:684, 0 95E)
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For FA in the controls, 38 (79%) atlas ROIs had an ICC of 0.8 or above, with the majority of these
being > 0.9. Exceptions to this included the corticospinal tract and cerebellar ROls. This pattern was
reflected in the early HD patients, with 41 (85%) ROIs having ICCs > 0.8. Generally, between-subject
variance was larger in the HD group than controls, as would be expected. It is also worth noting that
the within-subject variances are relatively similar for controls and HD in many regions. This implies
that, in general, differences in ICC observed between controls and HD are driven by the between-
subject variation rather than by the scanning technique being less reliable in one group than the
other.

For MD 37 (77%) atlas ROIls had ICCs above 0.8 in the controls; the corresponding number was 44
(92%) in the early HD patients. As with FA, any between group differences in ICC were accompanied
by wide 95% Cls around each group estimate, demonstrating the imprecision in the estimates.
Results from AD were similar, where 33 (69%) atlas ROIs had ICCs > 0.8, and RD with 37 (77%)
ROIs having ICCs > 0.8. In controls mean ICCs were very similar across metrics (FA mean ICC =
0.851; MD = 0.854; AD = 0.811; RD = 0.857). However, a few ROls did show discrepancies between
metrics, such as the right anterior limb of internal capsule and right external capsule, which exhibited
substantially lower ICCs in AD compared to the other metrics. This is driven by the much smaller
between-subject variation for AD than other for metrics in the right anterior limb of internal capsule,
and by an increased within-subject variability for the external capsule. Examination of scatter plots of
the data identified two outliers that may have contributed to this.

For the T1 ROls, FA reliability was also high, with the caudate, putamen and whole-brain white matter
regions having ICCs > 0.8 in controls and early HD patients. The corpus callosum region had a lower
ICC in the controls (ICC = 0.697) though the ICC was high in the early HD patients (ICC = 0.877). For
MD, there was considerable regional variability in reliability, with very high ICCs for the putamen and
white matter (ICC > 0.95), an intermediate value for the corpus callosum (ICC = 0.76) and a low value
for the caudate (ICC = 0.48). Furthermore, the ICC in the early HD patients was reasonably high for
caudate MD (ICC = 0.84). For AD, both the caudate and the putamen had low reliability in the
controls (ICCs < 0.4), though for RD the putamen values were very high (ICC = 0.99). The corpus
callosum ROI showed the converse pattern, with a very high ICC for AD (ICC =0.91) and a low one
for RD (ICC = 0.61). The white matter ROl showed very high reliability (ICCs > 0.9) across the board.

To put these divergent results from the T1 ROls into context, the Bland-Altman (BA) plots were
considered for FA (Figure 1) and MD (Figure 2). These generally suggest good agreement, with the
differences tending to lie within a small range. The exceptions to this were MD in the caudate, and FA
and MD in the corpus callosum. In these cases, there was a suggestion of deviation from exact
reproducibility in the combined HD patient and control group. However, the BA plots do not suggest
that the difference between scans is dependent on the magnitude of the measurement in question,
and indicated the possibility of outliers within the data.
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Fig. 1: Bland-Altman plot for FA values

Bland Altman plots of fractional anisotropy (FA) values to visually assess agreement, systematic bias and
proportional bias in scanning technique for T1 ROIs (caudate, putamen, white matter and corpus
callosum), for early HD patients (blue triangles) and controls (red circles). FA is a relative value derived
from the diffusion tensor, where 0 indicates perfectly isotropic tensor dimensions (i.e. a sphere) and 1
indicates the maximum theoretical level of anisotropy.
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Fig. 2: Bland-Altman plot for MD values

Bland Altman plots of mean diffusivity (MD) values to visually assess agreement, systematic bias and
proportional bias in scanning technique for T1 ROIs (caudate, putamen, white matter and corpus
callosum), for early HD patients (blue triangles) and controls (red circles).
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Fig. 3: Bland-Altman plot for AD values
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Bland Altman plots of axial diffusivity (AD) values to visually assess agreement, systematic bias and
proportional bias in scanning technique for T1 ROIs (caudate, putamen, white matter and corpus
callosum), for early HD patients (blue triangles) and controls (red circles).
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Fig. 4: Bland-Altman plot for RD values

Bland Altman plots of radial diffusivity (RD) values to visually assess agreement, systematic bias and
proportional bias in scanning technique for T1 ROIls (caudate, putamen, white matter and corpus
callosum), for early HD patients (blue triangles) and controls (red circles).
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Voxelwise reliability analysis

The ICC maps for FA (Figure 3), MD (Figure 4), AD (Figure 5) and RD (Figure 6) indicated that the
reliability was generally high across the brain, with the exception of areas inferior to the lateral
ventricles. There is also a degree of noise evident in these maps, likely due to residual registration
error between voxels. The group maps appeared qualitatively similar between controls and early HD
patients. FA and MD also seemed to generate similar patterns of voxelwise reliability, although the
diffusivity metrics (i.e. MD, AD, RD) tend to show consistently higher ICC scores with less regional
variability than FA. Lower ICCs were evident in the basal ganglia regions for all four measures.
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Fig. 5: Voxelwise ICC maps of FA

Voxelwise distribution of reliability metrics for fractional anisotropy (FA). Panel A) shows sagittal, coronal
and axial slices of the mean FA image created during the image processing, included for anatomical
reference. B) Equivalent three slices for the intraclass correlation coefficient (ICC) of FA in early HD
patients. Higher values reflect higher test-retest reliability. C) ICC of FA in healthy controls.
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Fig. 6: Voxelwise ICC maps for MD

Voxelwise distribution of reliability metrics for mean diffusivity (MD). Panel A) shows sagittal, coronal and
axial slices of the mean FA image created during the image processing, included for anatomical reference.
B) Equivalent three slices for the intraclass correlation coefficient (ICC) of MD in early HD patients. Higher
values reflect higher test-retest reliability. C) ICC of MD in healthy controls.

http://currents.plos.org/hd/article/test-retest-reliability- of-diffusion-tensor-imaging-in-huntingtons-disease/ 25/35


http://currents.plos.org/hd/files/2014/01/Fig-6-MD-ICC-maps.png

7/28/2015 Test-Retest Reliability of Diffusion Tensor Imaging in Huntington’s Disease — PLOS Currents Huntington Disease

http://currents.plos.org/hd/article/test-retest-reliability-of-diffusion-tensor-imaging-in-huntingtons-disease/ 26/35


http://currents.plos.org/hd/files/2014/01/Fig-7.-AD-ICC-maps.png

7/28/2015 Test-Retest Reliability of Diffusion Tensor Imaging in Huntington’s Disease — PLOS Currents Huntington Disease

Fig. 7: Voxelwise ICC maps of AD

Voxelwise distribution of reliability metrics for axial diffusivity (AD). Panel A) shows sagittal, coronal and
axial slices of the mean FA image created during the image processing, included for anatomical reference.
B) Equivalent three slices for the intraclass correlation coefficient (ICC) of AD in early HD patients. Higher
values reflect higher test-retest reliability. C) ICC of AD in healthy controls.
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Fig. 8: Voxelwise ICC maps of RD

Voxelwise distribution of reliability metrics for radial diffusivity (RD). Panel A) shows sagittal, coronal and
axial slices of the mean FA image created during the image processing, included for anatomical reference.
B) Equivalent three slices for the intraclass correlation coefficient (ICC) of RD in early HD patients. Higher
values reflect higher test-retest reliability. C) ICC of RD in healthy controls.
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Discussion

Analysis of DTI scans acquired back-to-back gave generally high levels of reliability in both early
stage HD patients and controls, when using either atlas-based or T1-segmentation-based ROls.
Using specific methods that will be applied to longitudinal datasets in studies of HD, the four major
DTI metrics (FA, MD, AD and RD) all showed low levels of within-subject (i.e. scan-rescan) variability
relative to between-subject variability. This concurs with previous research that has assessed the
reliability of DTl in HD “#2 and other samples using different analysis methods, which generally report
acceptable levels of reliability (i.e. high ICC), either test-retest 24:3° or between-scanners 21223637 A||
metrics tended to perform as well in both experimental groups and importantly there was no
qualitative evidence of group bias in reliability. Although no formal statistical comparisons were made
between HD and controls, the ICC estimates and 95% CI suggested that for most regions the ICCs
were consistent between groups. Given the magnitude of DTI effect sizes in cross-sectional
comparisons of early HD patients and controls (e.g. %), the low within-subject variances found support
the continued use of DTI as a tool for detecting patterns of neurodegeneration in this HD population.

It is important to recognise the imprecision in the ICCs reflected in the relatively wide confidence
intervals, particularly for the lower ICCS. Nonetheless it does appear that levels of reliability were not
entirely consistent across the brain. Those regions that showed lower reliability (ICC < 0.8) tended to
be regions in the inferior of the brain, including cerebellum and brainstem ROIs. Explanations for this
could include the increased presence of tissue susceptibility errors in inferior regions, or sub-optimal
image registration due to the registration procedure being largely driven by the increased contrast in
signal intensity found in and around the lateral ventricles 3. Also, these cerebellar regions have
smaller volumes when defined according to the ICBM-DTI-81 atlas, thus may be more susceptible to
partial volume effects than larger areas where such effects are more likely to be averaged out. The
present findings indicate that extra caution should be exercised when examining patterns of
longitudinal change in small inferior regions, as these tend to have greater inherent variability using
atlas-based registration methods.

Interestingly, the grey matter ROIs, segmented on a T1 image, showed lower reliability for diffusion
metrics, particularly MD in the caudate and AD in both caudate and putamen. Regional atrophy may
contribute to inaccuracies in the registration of T1 images to FA maps and the caudate in particular is
susceptible to partial volume effects due to its proximity to the lateral ventricles. The process of
transforming T1 ROls to diffusion space is performed regularly in DTl ROI analyses and although not
routinely reported, visual quality assurance of registration accuracy is absolutely necessary as
achieving precise anatomical correspondence between images acquired using different modalities is
challenging.

Although the low ICC values in the striatal ROls may be some cause for concern for longitudinal
studies, this may be explained by the presence of particularly low between-subject variability,
meaning that minor divergences within a small number of participants can lead to large fluctuations of
the estimated ICC. The influence of such outliers, particularly in light of the reduced control sample
size for the T1-segmented regions (N = 8), could be pronounced. To assess this, outliers identified
from scatter plots were removed and the ICCs recalculated. In most cases, the ICC increased on
removal, though not necessarily to the high values observed for other regions. As an example, AD in
the left corticospinal tract had a low ICC in the HD subjects. Removing a single outlier increased the
ICC from 0.471 to 0.763, which is still lower than the value of 0.889 observed for the same region in
the controls, or 0.964, found in HD patients in the right hemisphere.

The within-subject variance should also be considered when comparing between regions or metrics.
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While in general within-variance was strongly related to ICC, as would be expected, there are some
regions, such as the fornix, where ICC was high but within-subject variance appeared much greater
than other regions. The magnitude of the within-subject variance is approximately inversely
proportional to the amount of signal, so for example, one may be cautious about the reliability of the
fornix for longitudinal studies, despite a relatively high ICC of 0.90 for MD. If wishing to restrict the
number of brain regions tested, areas such as the genu and body of corpus callosum, for which we
observed high ICC and very low within-subject variance, might be more appropriate for longitudinal
research studies.

Voxelwise ICC maps of FA, MD, AD and RD indicated that the distribution of variability was
qualitatively very similar between early HD patients and controls. High ICC for FA was apparent
across the white matter of the brain, with reduced values in the lateral ventricles and subcortical grey
matter nuclei. The strength of the signal in DTI depends on the degree of anisotropy 3¢ and FA is a
direct representation of this measure, so it is plausible that the inherent anisotropy of brain tissue
influences the between-scan variability. The MD ICC maps also did not materially differ between
groups, though when compared with the FA maps, the pattern was one of generally higher ICC
throughout the brain, which was matched by very similar patterns for AD and RD; not unexpected
given the relatedness of the metrics. The voxelwise patterns of reliability concur with the study by
Marenco and colleagues 2 in healthy controls at 1.5T who showed a similar distribution of ICC for FA
and trace (i.e. total diffusivity). In accordance with this, the voxelwise and ROI-based findings may
add weight to the idea that DTI in general, and FA in particular, is primarily suited for examining white
matter microstructure 22 and is less quantifiable 3° and harder to interpret in grey-matter regions .
Measures of anisotropy in tissue not thought to be characteristically anisotropic may not give
particularly meaningful insight into biological or pathological processes.

Although the four DTI metrics were generally comparable across the board, there was a trend for
lower reliability in AD, compared with FA, MD or RD. One possible explanation for this finding is that
AD, unlike any of the other metrics, is derived from a single component of the diffusion tensor. For
FA, MD and RD there is a degree of averaging across tensor elements (i.e. eigenvalues) that may
increase the signal-to-noise ratio and reduce variability, whereas AD is derived solely from the
primary eigenvalue. Previous reliability studies have not reported on AD before and this potential
difference with other diffusion metrics should be investigated further, particularly if AD results are to
be analysed longitudinally

There are a few caveats to consider when interpreting the present findings. The sample size was
relatively small once divided into early HD patients and controls, thus resulting in increased
susceptibility to the influence of outliers and reduced precision. One issue in extrapolating these
findings to future longitudinal studies is the scan-rescan data was collected back-to-back, with the
participant remaining in the scanner. This meant that the position of the head within the magnetic field
was very similar between scans, which is less often the case with longer intervals where re-
positioning is required. When running longitudinal studies, monitoring the consistency of head
positioning at each acquisition could help reduce the variability that can be caused by subtle
differences in orientation and slice positioning '>4! . Another limitation is that these results are
scanner specific. The reliability of DTI may differ between scanner manufacturers 27, or show higher
noise/within-subject variability in older machines that require servicing. This point is particularly
relevant to multi-centre studies, which are likely to be increasingly necessary in relatively uncommon
diseases such as HD, in order to have well-powered studies. While the reliability of DTI has been
demonstrated across scanners in principle 3, collecting repeat scans both within-scanner and across
study sites would be a prudent step to help establish the reliability of DTI data in any large scale
study.
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In conclusion, test-retest reliability analysis of atlas-based and T1-segmented ROI approaches DTI
analysis show generally high ICCs on diffusion data acquired with a clinically-acceptable scan time.
This gives confidence that such data acquisition and analysis methods can be reliably used for cross-
sectional comparisons, alongside lending support for their utility to measure within-subject change
over time; the goal of on-going longitudinal research into progressive neurodegeneration in HD.
However, longitudinal reliability can only be explicitly demonstrated by taking the expected magnitude
of the longitudinal effects into account, to determine whether these effects are greater than the scan-
rescan variability. Finally, it is notable that there are some inconsistencies to the generally high
reliability; particularly in striatal AD measures and it could be concluded that test-retest reliability is not
evenly distributed throughout the brain, potentially due to intrinsic tissue differences, non-linear
geometric distortions or uneven registration accuracy. This has implications for selecting which brain
regions are most appropriate for future longitudinal studies, above and beyond the biological
evidence for involvement in neurodegeneration.
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