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RESULTS: Postcodon 200 carriers had lower amyloid burden in all regions but worse
markers of SVD and worse Clinical Dementia Rating® scores compared to precodon
200 carriers as a function of estimated years to symptom onset. Markers of SVD
partially mediated the mutation position effects on clinical measures.

DISCUSSION: We demonstrated the genotypic variability behind spatiotemporal amy-
loidosis, SVD, and clinical presentation in DIAD, which may inform patient prognosis

and clinical trials.
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1 | INTRODUCTION

Symptoms in dominantly inherited Alzheimer’s disease (DIAD) typi-
cally present before age 65, with a mean onset around 45 years.! This
familial form is characterized by mutations in genes involved in amyloid
beta (AB) metabolism: A precursor protein (APP), presenilin-1 (PSEN1),
and presenilin-2 (PSEN2). Mutations in these genes alter the amount
or nature of AS peptides leading to increasing accumulation and depo-
sition of AB in the brain parenchyma or vessels. These findings are
central to the AB hypothesis of AD, which posits that A8 accumula-
tion initiates the pathogenic cascade leading to neurodegeneration.?
DIAD shows patterns of disease progression similar to those seen in
sporadic late onset AD (LOAD), with an initial accumulation of AB, fol-
lowed by a decrease in cerebral metabolism, then brain atrophy® and
tau pathology.* However, mutation-dependent variability is observed
in the biomarker and clinical presentations of DIAD. The age at
symptom onset (AAO) varies within the DIAD population,! and some
pathogenic variants are associated with specific phenotypes such as
marked small vessel disease (SVD) abnormalities,” parkinsonism,® or
spastic paraparesis.” Recent work from our group also described vari-
able AB burden and accumulation as a function of mutation location in
APP, PSEN1, and PSEN2.8

Pathogenic PSEN1 gene mutations affect nearly 80% of known
DIAD families.” To date, about 308 of such mutations have been

reported (www.alzforum.org/mutations/psen- 1), with strong evidence

white matter hyperintensity (WMH)

* Mutation position influences AB burden, SVD, and dementia.
* PSEN1 pre-200 group had stronger associations between AB burden and disease

e PSEN1 post-200 group had stronger associations between SVD markers and disease
* PSEN1 post-200 group had worse dementia score than pre-200 in late disease stage.

« Diffusion tensor imaging-based SVD markers mediated mutation position effects on

dementiain the late stage.

that mutation location within the gene influences AD pathogenesis.
Neuropathology work from Mann and colleagues previously described
two different amyloidosis phenotypes in PSEN1 mutation carriers, with
the mutations postcodon 200 likely to have severe cored plaques
and cerebral amyloid angiopathy (CAA).1° Several studies, including
from our group, have further investigated the association between
disease presentation and genotype using pre-/postcodon 200 group-
ing and reported differences in imaging phenotypes and clinical
presentations.811-13 For instance, imaging and neuropathology stud-
ies from Ryan et al. reported more severe white matter lesions in
individuals with postcodon 200 PSEN1 mutations compared to pre-
codon 200, suggesting more severe SVD in the former.114 Our group
reported higher cortical and striatal A8 burden and steeper accumu-
lation in individuals with precodon 200 PSEN1 mutations compared to
postcodon 200.8

These previous studies clearly established that PSEN1 mutation
position influenced AS deposition and white matter lesions. However,
it remains unclear whether mutation location relative to codon 200
influences how these imaging features present regionally and as a func-
tion of disease stage and whether mutation location could directly
or indirectly influence clinical presentations. Moreover, other imaging
markers of SVD including microhemorrhages have not yet been thor-
oughly studied. We used the large dataset of the Dominantly Inherited
Alzheimer Network (DIAN) observational study to investigate, using
a cross-sectional approach, the influence of PSEN1 mutation position
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with disease stage on (i) the topography of AB burden as measured in
vivo by 11C-Pittsburgh compound B (PiB) positron emission tomogra-
phy (PET); (ii) the presence and topography of SVD as estimated with
established neuroimaging metrics of CAA, white matter hyperintensity
(WMH) volumes, and microhemorrhages>~1” and with novel diffusion
imaging-based metrics of white matter injury®1?; and (iii) cognition

and clinical presentation.

2 | METHODS
2.1 | Participants

The DIAN study enrolls individuals from families with a known DIAD
mutation in the APP, PSEN1, or PSEN2 gene. We used the 15th DIAN
data freeze (January 2009-June 2020) and identified, out of 583 par-
ticipants, 418 participants from families with PSEN1 mutations who
had undergone magnetic resonance imaging (MRI), PET, genetic, and
clinical assessments. We evaluated 393 individuals whose imaging
data passed quality-controlled evaluations (see Figure S1 in Supple-
mental Material for data selection details). Among them, 148 were
mutation non-carriers (NCs) and 245 were mutation carriers (MCs) of
a pathogenic PSEN1 variant, including 83 with their family mutation
precodon 200 (pre-200 MC) and 162 with their family mutation post-
codon 200 (post-200 MC). Each DIAN site’s Institutional Review Board
approved all study procedures. All participants or their caregivers pro-
vided written informed consent approved by their local institution’s
review board. Standardized clinical and imaging assessments were
obtained according to DIAN study protocols.

2.2 | Clinical and cognitive assessments

The Clinical Dementia Rating® (CDR®) defines the absence of demen-
tia as CDR 0 (asymptomatic) and the presence of clinical impairment
with a score greater than zero (CDR > 0).2° The CDR sum of boxes
(CDR-SB) score, based on the sum of CDR subscales, was used as a
more continuous measure of disease stage.2%22 Disease stage was also
estimated using the estimated years to symptom onset (EYO) calcu-
lated at the individual level.! EYO was defined as the participant’s age
at each assessment minus the estimated age of symptom onset for
their specific family mutation when asymptomatic or, if symptomatic,
minus their age at onset, determined by clinicians using comprehen-
sive questionnaires and other clinical measures to trace back when
the participant first became symptomatic. By design, fewer individu-
als entering the study are symptomatic, and their disease duration may
be estimated with EYO. For each DIAN participant, the AAQO is defined
according to the specific variant mean age of onset or parental age
of symptom onset (in case the specific variant mean age of onset is
unknown).

Global cognition was estimated with a composite score based on
z-score average of the Mini-Mental State Examination (MMSE)2% and

three other tests of episodic memory, complex attention, and pro-

RESEARCH IN CONTEXT

1. Systematic review: The literature was reviewed using
PubMed and appropriately cited. PSEN1 mutations
account for the majority (~80%) of dominantly inherited
Alzheimer’s disease (DIAD). Previous studies reported
a distinct profile of pathologies influenced by PSEN1
mutation position relative to codon 200.

2. Interpretation: We observed elevated A burden starting
in posterior cortical regions between Estimated Years to
symptom Onset (EYO) —20 and —15 and elevated white
matter lesions in posterior periventricular areas between
EYO —10 and O in postcodon 200; in precodon 200, A3
burden was widespread between EYO —10 and -5 years
without pronounced white matter lesions. Whereas clin-
ical presentation of both groups appeared similar, worse
impairment, partially mediated by SVD, was observed in
postcodon 200 in late disease stages.

3. Future directions: This study demonstrates the influence
of mutation position on the progression of DIAD and pro-
vides important insights into the design of future clinical
trials.

cessing speed.24 Other clinical, vital, and vascular-related variables
included systolic and diastolic blood pressure, mean arterial blood
pressure (MAP), hypertension, hypercholesterolemia, diabetes, stroke
history, and Hachinski ischemia score.2° Variables from clinician diag-
nosis and neurological examination were also reviewed for specific
disease presentation in both carrier groups (eg, visuospatial, language,
and motor deficits, comorbidities) following the criteria of the Uniform
Data Set (UDS) protocols.2® Motor and behavioral deficits and age of
onset related to clinical decline were based on clinical assessment and
reports using UDS forms B9 and D1. The assessment of motor symp-
toms included reports of abnormal gait, tremor, fall, and/or slowness.
Clinicians were blinded to the exact family mutation and to the non-
carrier/carrier status of the participants when proceeding with clinical

assessments.

2.3 | Genotyping and codon grouping

All DIAN participants underwent genetic analyses to assess DIAD
family pedigrees, including details on the PSEN1 mutation (eg, mis-
sense, insertion), and apolipoprotein E (APOE) genotype. PSEN1 cod-
ing sequences were evaluated for missense, nonsense, and splice-
site sequence variants with standard procedures, as previously
described.?” Mutations were classified as pre- or postcodon 200. A
deletion of exon 9 was classified as a mutation postcodon 200 and a

deletion of intron 4 as a mutation precodon 200. The APOE genotype
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was used to define APOE ¢4 status as the presence (APOE ¢4 carrier) or
absence (APOE ¢4 non-carrier) of an APOE ¢4 allele.

2.4 | Imaging acquisition protocol

Participants underwent MRI and PET sessions using standardized
procedures for all DIAN sites as previously described.282? Accel-
erated magnetization-prepared rapid acquisition with gradient
echo (MPRAGE) was acquired with repetition time (TR)/ echo time
(TE) = 2300/52.95 ms and resolution = 1.0 x 1.0 x 1.2 mm?3. T2-
weighted fluid-attenuated inversion recovery (FLAIR) was acquired
at TR/TE = 9000/90 ms and resolution = 0.86 x 0.86 x 5.0 mm?3.
Two-dimensional EPI diffusion tensor imaging (DTI) was performed
at TR/TE = 8100/87 ms, resolution = 2.5 x 2.5 x 2.5 mm3, number
of directions = 64, b-values = 0, and 1000 s/mmZ2. A T2*-weighted
or susceptibility-weighted imaging (SWI) sequence was acquired
with TR/TE = 650/20 ms, and resolution = 0.8 x 0.8 x 4 mm3 or
TR/TE = 28/20 ms, and resolution = 0.7 x 0.7 x 2mm?, respectively.
11C-PiB PET was acquired with a 70-min scan starting at injection or
a 30-min scan beginning 40 min following the injection of an ~13-mCi
bolus of 11C-PiB.

2.5 | Image processing

Volumetric segmentation and cortical reconstruction were performed
using FreeSurfer version 5.3-HCP (https:/surfer.nmr.mgh.harvard.
edu/) and PET scans were processed using the PET Unified Pipeline
(PUP).2931 The data were partial volume corrected using a regional
spread function technique and standardized uptake value ratios
(SUVRs) were calculated from the 40- to 70-min time window after
tracer injection using the cerebellar cortex as a reference region.2
SUVRs from the lateral orbitofrontal, medial orbitofrontal, middle tem-
poral, precuneus, rostral middle frontal, superior frontal, and superior
temporal cortices from both the left and right hemispheres were aver-
aged to define the mean cortical AB SUVR with a threshold of 1.42 used
to define PiB-PET positivity.° Regional A8 SUVR evaluations included
34 cortical and six subcortical FreeSurfer regions of interest (ROls).
The presence and count of microhemorrhages in the entire brain,
as well as in frontal, parietal, temporal, and occipital areas, were
reviewed and reported by author CRJ, a trained radiologist, from T2*
or SWI sequences, using a previously described approach.?833 Note
that the sequence type did not influence results in previous DIAN
studies,?® and the proportion of SWI/T2* was similar among groups
in the current study (Table 1). Total WMH volumes were extracted
from FLAIR images using the lesion growth algorithm of the segmen-
tation toolbox in Statistical Parametric Mapping (SPM) version 834 for
all participants. A subset of participants studied in a previous data
freeze (Figure S1 and Table S1) had additional subregional WMH vol-
umes and/or global white matter injury metrics from DTI, peak width
of skeletonized mean diffusivity (PSMD), as a novel imaging marker
for SVD previously validated in ADNI.*® Subregional WMH volumes
included total periventricular (PV) WMH, anterior PV, posterior PV,

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

and deep (DWMH) and were calculated with a semi-automatic seg-
mentation approach®>3¢ involving manual segmentation and quality
control assessment performed by authors JFS and CK. Subregional
WMH volumes were registered to the common Montreal Neurologi-
cal Institute template. PSMD metrics and maps were generated using
a publicly available script (http://www.psmd-marker.com/), as previ-
ously described.371? In brief, the DTI scans were preprocessed for
eddy current and motion correction, then tensor-fitted for data skele-
tonization and histogram analysis using FSL version 6.0.1 tools (eg,
Tract-Based Spatial Statistics and fractional anisotropy template). All
PSMD maps were quality controlled. Of 337 processed images, 190
generated PSMD maps that passed quality control, and the metrics

were subsequently included in the analyses.

2.6 | Statistical analyses

All statistical approaches in the study employed R version 3.6.2 (www.
R-project.org/) or SAS 9.4 (SAS Institute Inc., Cary, NC). The model
accuracy at each step of the analyses was evaluated to ensure no
violations of underlying assumptions for the methods used. For the
main analyses, PiB SUVRs, PSMD, PVWMH, anterior PV, and poste-
rior PV variables were normally distributed, and total WMH volumes
were log-transformed to approximate a normal distribution before
running the models. Deep WMH and microhemorrhage count followed
a bimodal zero-inflated distribution and were analyzed with two-part
zero-inflated negative binomial mixed models (see details in Supple-
mental Material). For PiB SUVR analyses, tests for multiple regions
or multiple time intervals were adjusted with the Benjamini-Hochberg
method to control for false discovery rate (FDR), and all thresholds for
significance were defined at an adjusted p < 0.05 for the PiB SUVR
analyses. Owing to the small numbers of regions evaluated in regional
WMH or microhemorrhage analyses (n =4 and 5, respectively) and the
exploratory nature of our research question, no corrections for multi-
ple regions were applied in the main report (unadjusted and adjusted
p values are detailed in Supplemental Material). Missing values were
considered missing at random. Sensitivity analyses were performed
to assess the concordance of models with or without age or AAO as

covariates (see details in Supplementary Material).

2.6.1 | Comparisons of evaluated groups

Demographics of the cross-sectional cohort were compared among
NCs, pre-200 MCs, and post-200 MCs using analysis of variance and
Tukey honestly significant difference (HSD) post hoc tests for contin-
uous variables and chi-squared (x2) tests for categorical variables. To
account for the family AAO, ANCOVA/Tukey HSD, and logistic regres-
sion/Wald x? tests with age at onset as a covariate were performed
to compare clinical, cognition, and neuroimaging measures. Due to
the small sample size, clinical presentations, summarized from clini-
cian diagnosis and neurological examination, were compared between
carrier groups using t test, and ;(2 tests or Fisher’s exact tests, as

appropriate.
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TABLE 1 Baseline characteristics of participants.

Demographics NC

N (%) 148 (37.7)
Age, mean (SD), years 35.8(10.6)
Female, n (%) 83(56.1)
Education, mean (SD), years 15.1(2.7)
APOE 4 carriers, n (%) 43(29.1)
Familial AAO, mean (SD), years 47.2(7.3)
EYO, mean (SD), years —11.01(11.6)
EYO > 0,n (%) 23(15.5)

Asymptomatic, n (% of EYO > 0) -
CDR > 0,n(%)" 7(4.7)

CDR-SB, mean (SD)" 0.04(0.18)
MMSE, mean (SD)" 29.0(1.2)
Cognitive composite, mean (SD)" 0.06 (0.47)

PiB-PET positive, n (%)" 0(0)

Mean cortical PiB SUVR, mean (SD)" 1.0(0.1)
SWiI/sequence type for reads, n (%) 64 (43.2)
Stroke history, n (%)& 1(0.6)
Systolic blood pressure, mean (SD), mmHgé 122.6 (16.7)
Diastolic blood pressure, mean (SD), mmHgé 76.1(10.3)
Mean arterial blood pressure, mean (SD), 91.6(11.5)
mmHg8
Hachinski ischemia score, mean (SD)& 0.18 (0.45)
Hypertension history, n (%)& 23(19.4)
Hypercholesterolemia, n (%) 16 (10.8)
Diabetes, n (%) 5(3.4)
Seizures, n (%) 2(1.4)
Abnormal gait, n (%)& 5(3.4)
Tremor, n (%) 7(4.7)

Pre-200 MC Post-200 MC p value

83(21.1) 162 (41.2) -
35.5(9.3) 38.7 (11.6)* 0.02

47 (56.6) 94 (58.0) 0.94
14.8(3.2) 14.2(2.9)2 0.04

16(19.3) 54(33.3) 0.07
44,0 (9.0)°< 46.8(7.2) 0.005
-8.0(11.0) -7.6(11.0)? 0.02

29(34.9)P 53(32.7)° <0.001

2(6.9) 0(0) -

28 (33.7)¢ 62(38.3) <0.001
1.10(2.02)? 1.67 (3.53)¢ <0.001
27.0(4.3)° 26.4(5.8)¢ <0.001

—0.38(1.03)° —0.50(0.92)¢ <0.001

36 (43.4)¢ 41(25.3) 0.009

2.2(1.3)°f 1.8(0.9)¢ <0.001

44 (55.7) 71(43.8) 0.15

0(0) 3(1.9) 0.71
121.8(14.2) 123.2(13.9) 0.92
73.7(10.7) 76.3(9.8) 0.18
89.7(11.0) 91.9(9.9) 0.39
0.18 (0.65) 0.45(1.22) 0.05
3(2.6)? 19(12.7) 0.02
5(6.0) 25(15.4) 0.34
2(2.4) 2(1.2) 0.28
4(4.8) 6(3.7) 0.32
4(4.8) 17 (10.5) 0.15
5(6.0) 9(5.6) 0.88

Note: For the NC group, EYO is based on the age of the individual at visit and age at onset of their MC parent and AAO is based on the reported mean onset

for the familial mutations shared by their families.

Variables and data in bold indicate significant differences between pre-200 and post-200 MC on post-hoc tests.
Abbreviations: NC, non-carriers; MC, mutation carrier; APOE €4, apolipoprotein-E allele ¢4; EYO, estimated years to symptom onset; AAO, age at onset; CDR-
SB, Clinical Dementia Rating Sum of Boxes; MMSE, Mini-Mental State Examination; PiB, Pittsburgh compound B; PET, positron emission tomography; SUVR,

standardized uptake value ratio.

2<.05: Significantly different from NC.

b<.005: Significantly different from NC.

€< .05: Pre-200 significantly different from post-200 MC (bold).
d<.005: Pre-200 significantly different from post-200 MC (bold).
€< .0005: Significantly different from NC.

f<.0005: Pre-200 significantly different from post-200 MC (bold).
gComparison adjusted for age.

hComparison adjusted for age and age at onset.

2.6.2 | Models to assess mutation effect on PiB and
SVD markers with EYO

Linear mixed effect (LME) models evaluated the effect of PSEN1 muta-
tion position on cross-sectional relationships between regional PiB
uptake and EYO for each ROI. Familial AAO, APOE ¢4 status, sex, and

education were accounted for in the model, and family cluster was
included as a random effect. LME or negative binomial mixed effect
models were used where appropriate based on the variable distribu-
tion (normal or bimodal zero-inflated) to evaluate the effect of PSEN1
mutation position on volumes of white matter lesions and the white
matter injury metric and included APOE €4 status, sex, education,
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MAP, and age instead of AAO as covariates to account for age-related
vascular factors, with family cluster as a random effect.

2.6.3 | Approach to assessing divergence of groups
in PiB, SVD, and clinical measures

To investigate when each MC group became abnormal compared to
NCs in regional PiB uptake, regional WMH volumes, PSMD, and clin-
ical and cognitive measures, we compared mean variables estimated
from the corresponding models per EYO categories. To best capture
changes in disease course, EYO categories used a 5-year range if no
subgroup size was smaller than 5; otherwise a 10-year range was used
(Supplementary Material). For regional microhemorrhage count, due
to the small number of individuals with non-zero data, models utilized
continuous EYO and reported estimates at EYO = —15, —10, -5, and
0.5 years. Covariates and random variables were the same for models
with EYO as a categorical or continuous variable. For the clinical vari-
ables we used AAO, APOE ¢4 status, sex, and education as covariates,

and family cluster as a random effect (Supplemental Material).

2.64 | Mediation analysis

Lastly, we investigated whether the mutation position with disease
stage influenced dementia as measured by CDR-SB through the indi-
rect effect of regional PiB uptake or SVD as a mediator. Mediation
analyses were based on LME and were performed independently in
carriers using the complete set of non-missing data for each PiB
region (n = 40, corrected for multiple comparisons) and for each met-
ric of SVD significantly influenced by the mutation position as the
mediator. In the latter analysis, SVD variables were log-transformed.
EYO was treated as continuous and effects conditional on EYO were
evaluated at EYO = —15, —10, -5, 0, 0.5, and 1 years. Three close
time points at EYO > O were used to capture effects in late stages,
while conditional effects were not evaluated beyond EYO = 1 due to
small sample size. We used the mediation R package®® for the anal-
yses utilizing a Bayesian approach. A sampled Markov chain Monte
Carlo (n = 1000) was used to estimate posterior distribution and 95%

confidence interval (Cl) of the models (Supplemental Material).

3 | RESULTS
3.1 | Participant characteristics

The three groups (NC, pre-200 MC, and post-200 MC) were similar
in male/female and APOE ¢4 carrier proportions but different in age,
EYO, and family AAO (Table 1). Among carriers, the PSEN1 pre-200
group had a younger mean AAO compared to the PSEN1 post-200
group (AAO of 44.0 + 9.0 years vs 46.8 + 7.2 years, p < 0.05). The
pre-200 group had higher proportions of PiB+ but lower proportions
of symptomatic participants compared to post-200 (Table 1). The
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symptomatic individuals had an estimated disease duration of EYO
3.2+ 2.6 yearsinthe pre-200 MC years and 2.4 + 6.1 years in post-200
MC (p = 0.83). The MC groups were, however, similar in CDR-SB,
MMSE, and cognitive composite measures. Regarding vascular-related
variables, the three groups differed in prevalence of hypertension
history, with the pre-200 MC group showing the lowest percentage
(19% for NC, 3% for pre-200 MC, and 13% for post-200 MC, p = 0.02,
Table 1), and tended to differ in Hachinski ischemic score, with the
post-200 MC group showing the highest mean score (0.18 + 0.45
for NC, 0.18 + 0.65 for pre-200 MC, and 0.45 + 1.22 for post-200
MC, p = 0.05, Table 1). The potentially confounding variables such as
age, AAO, and vascular risk factors were accounted for in the models
investigating mutation position effects on regional amyloidosis and

SVD cross-sectional associations with EYO.

3.2 | Regional PiB uptake and spatiotemporal
pattern across disease stages

Compared to the NC group, pre- and post-200 MC shared eight out
of their top 10 regions with the strongest associations of PiB uptake
with EYO: precuneus, rostral middle frontal, rostral anterior frontal,
frontal pole, medial orbitofrontal, and pericalcarine cortical regions
and the caudate and putamen for subcortical regions, suggesting sim-
ilar regional patterns of progression of A burden (Figure 1, Table S2).
Moreover, areas with the least effect were in the hippocampus and
entorhinal cortex in the pre-200 group, and these regions were the
only ones not changing significantly with EYO in the post-200 carri-
ers, compared to NC. Pre-200 MC showed greater levels of PiB uptake
as a function of EYO compared to post-200 for all regions, except for
the cuneus and lingual cortex, suggesting different rates of A accu-
mulation in most cortical and subcortical areas for the same disease
duration time (Table S2). The cortical and subcortical regions with
the strongest effects were the rostral anterior cingulate and caudate,
respectively (Table S1 and Figure 1).

To investigate differences in the spatiotemporal pattern of Aj3 cross-
sectional accumulation, we compared regional uptake based on EYO
intervals of 5 years (Figure 2, Table S3a-c). Compared to NC, pre-
200 carriers started to show significant Ag burden in the caudate and
six cortical regions, including occipital (lingual and cuneus) and mostly
frontal (paracentral, precentral, rostral middle frontal, and frontal pole)
between EYO —15 and —10 and expanded to all regions throughout
the brain between EYO —10 and —5 (Table S3a). Post-200 carriers
showed significant AB burden in seven cortical regions, including all
four occipital (lateral occipital, lingual, cuneus, and pericalcarine) and
parieto-frontal (precuneus, superior parietal, and paracentral) regions
between EYO —20 and —15 compared to NCs, which expanded to
all medial frontal areas between EYO —15 and —10, then throughout
the brain by EYO —10 —5 (Table S3b). Compared to each other, post-
200 showed higher uptake in the cuneus between EYO —20 and —15,
then no difference in regional, until between EYO —5 and +5, where
pre-200 had higher AB burden in an increasing number of regions (19
then 35), particularly in frontal and temporal areas. For EYO > 5, this
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FIGURE 1 Cross-sectional regional PiB uptake as a function of EYO. (A and B) Brain maps displaying significant different slope estimates
between PiB SUVR and EYO for 34 cortical (A) and subcortical (B) FreeSurfer regions in pre-200 carriers versus non-carriers (top row), post-200
carriers versus non-carriers (middle row), and pre-200 versus post-200 (bottom row). The rostral anterior cingulate (green outline) and caudate
showed the strongest divergence between pre- and post-200. (C and D) Plots of cross-sectional PiB uptake as a function of EYO for pre-200
carriers (blue triangle), post-200 carriers (red square), and non-carriers (black circle) in rostral anterior cingulate (C) and in caudate (D). Color
bar = estimates from LME model of PiB SUVR per EYO. EYO, estimated years to symptom onset; LME, linear mixed effect; NC, non-carriers; MC,
mutation carrier; PiB, Pittsburgh compound B; SUVR, standardized uptake value ratio.

difference was seen in fewer regions, as the pre-200 plateau and
post-200 reached similar levels (Figure 2 and Table S3c).

3.3 | Pattern of progression of markers of SVD
3.3.1 | PSMD metric

PSMD was significantly higher with higher EYO for post-200 carri-
ers compared to NCs (estimates = 0.01 + 0.002 104 mmZ2.s~1/year,
p < 0.0001) but not for pre-200 carriers compared to NCs (esti-
mates = 0.003 + 0.003 10~* mm2.s~1/year, p = 0.28). The post-200
carrier group had more white matter injury with higher EYO compared
to pre-200 carrier group (estimates = 0.01 + 0.003 10~* mmZ2.s~1/year,
p < 0.0005; Table S4). Figure 3illustrates average PSMD maps per EYO
range of 10 years, showing high values in later stages for both car-

rier groups. Analyses by EYO category revealed that the differences

between pre- and post-200 mainly occurred with EYO>O0 (estimated
mean difference = 0.12 + 0.06 10~% mm2.s~1/year, p < 0.05; Figure 4A
and Table S5a).

3.3.2 | Total and regional WMH volumes

Compared to NCs, post-200 MC showed larger total and regional vol-
umes as a function of EYO, except for anterior PV and deep areas
(eg, total WMH: estimates = 0.05 + 0.01 mm3/year, p < 0.0001;
PVWMH: estimates = 61.5 + 27.4 mm3/year, p < 0.05; Table S5a, b
in supporting information), while pre-200 MC had significantly larger
WMH volumes with EYO only for the total volume of WMH (total
WMH: estimates = 0.03 + 0.01 mm3/year, p < 0.05; PVWMH: esti-
mates = —3.9 + 30.0 mm3/year, p = 0.9; Table S5a, b in supporting
information). While these associations were not significantly different

between pre- and post-200 MC for total WMH volumes (estimates =
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FIGURE 2 Topographical and temporal progression profiles of regional A burden accumulation in pre- and post-200 MC groups per 5-year
range of EYO. Brain maps displaying regional PiB uptake estimates for pre- and post-200 MC groups compared to non-carriers and pre- compared
to post-200 group (third row), split by EYO ranges of 5 years. Colored regions are significantly different in corresponding 5-year range, and regions
in gray are not significantly different after multiple comparisons. The post-200 MC group starts to show abnormal accumulation in the occipital
cortex between —20 and —15 EYO, while pre-200 shows abnormal burden in occipital and frontal areas around —15 to —10 EYO but display higher
values past —5 EYO and beyond. Color bar = estimates of regional mean PiB SUVR. EYO, estimated years to symptom onset; NC, non-carriers; PiB,

Pittsburgh compound B; SUVR, standardized uptake value ratio.

0.02 + 0.02 mm?3/year, p = 0.27), they were for PVWMH volumes (esti-
mates = 65.3 + 31.8 mm?3/year, p < 0.05) and tended to be for posterior
PV (estimates = 39.4 + 20.1 mm?3/year, p = 0.05) with post-200 having
stronger associations. These differences were not observed in anterior
PV or DWMH areas (Tables S4 and Séa, respectively).

Analysis by EYO category of a 10-year range showed that both
pre- and post-200 had larger total WMH volumes compared to NCs
only at EYO > O (pre-200 MC vs NC, estimates = 1.0 + 0.3 log10
mm?3, p < 0.005 and post-200 MC vs NC, estimates = 1.2 + 0.3 log
10 mm3, p < 0.0001; Figure 4B and Table S5a). When evaluating
WMH subregions, compared to NCs, the post-200 MC group showed
significantly larger total and posterior PV WMH volumes at EYO —10
to O (estimated mean difference = 1366 + 570 mm?, p value < 0.05
and estimated mean difference = 970 + 361 mm3, p value < 0.05,
for PYWMH and posterior PV, respectively), but not larger anterior
PV nor deep WMH volumes (Figure 5, and Table S5b in supporting
information). Pre-200 MC did not have larger white matter lesions
as measured by WMH volumes in any regions at any disease stage
compared to NC (Table S5b and Séb).

3.3.3 | Total and regional microhemorrhages

Prevalence and counts of microhemorrhages are summarized in

Table S7. The mutation position did not significantly influence the odds

of having microhemorrhages (as opposed to not have any) in any brain
regions but influenced their total count overall (Figures 4 and 5 and
Table S8 in supporting information). We observed an effect of the muta-
tion position on the total number of microhemorrhages in the brain as
a function of EYO, with post-200 carriers showing higher numbers of
microhemorrhages at EYO —10 and EYO —5 compared to pre-200 car-
riers (estimated mean difference = 0.006 + 0.009, p value < 0.05 and
0.047 + 0.043, p value < 0.05, respectively, Figure 4C and Table S8).
The models run without controlling for age were consistent with the

presented results.

3.4 | Position mutation and clinical presentations

3.4.1 | Onset and prevalence in clinical
presentations

Table 2 summarizes the clinical diagnoses, neurological exam findings,
CDR domains and cognitive decline presentation among groups. The
onset of clinical symptoms occurred at a younger age in the pre-200
MC group compared to the post-200 MCs, regardless of whether the
symptoms were cognitive, motor, or behavioral. No significant differ-
ence was found in the prevalence of clinical presentation between

pre- and post-200 carrier groups. However, the prevalence of motor
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FIGURE 3 PSMD mapsin NCs and pre- and post-200 carriers per 10-year range of EYO. Axial sections representing averaged mean diffusivity
maps for each group per ranges of 10 years. High mean diffusivity in yellow reflects more injury in white matter. Late stages EYO > O show higher
mean diffusivity in carrier groups. The corresponding average PSMD values per group are indicated in reference (units in square millimeters per
second [mm?/s]). EYO, estimated years to symptom onset; NC, non-carrier; PSMD, peak width of skeletonized mean diffusivity; SUVR,
standardized uptake value ratio. Color bar = mean diffusivity. Image orientations: L, left; A, anterior.

symptoms reported as part of the clinical decline in the post-200 group
tended to be twice as high as that in the pre-200 group (15% vs. 7%, p
value = 0.10, Table 2).

3.4.2 | Measures of dementia and cognitive
impairment

CDR-SB and MMSE measures showed differences in their cross-
sectional EYO associations between pre-200 and post-200 groups
(Figure 6 and Table S9). In disease stages past the expected onset
by 5 years, post-200 MC showed worse CDR-SB and MMSE scores
compared to pre-200 MC (CDR-SB of 9.4 + 0.4 for post-200 versus
3.9 + 0.6 for pre-200, p value < 0.0001 and MMSE of 144 + 0.8
for post-200 vs. 23.8 + 1.1 for pre-200, p value < 0.0001). Post-200
MCs also tended to have worse cognitive composite scores in later
stages than pre-200 MCs, although the difference was not statisti-
cally significant (—2.2 + 0.2 for post-200 vs. —1.7 + 0.2 for pre-200,
p value = 0.05). Compared to NCs, post-200 showed lower cog-
nitive composite scores starting between EYO —5 and 0, whereas
pre-200 showed abnormal scores only beyond EYO = O (Figure 6 and
Table S9).

3.4.3 | Mediation of clinical dementia deficit effects

Cortical regional AB burden partially mediated the mutation posi-
tion effects on clinical measures starting at EYO = —5, except for
six regions mostly in posterior areas (e.g., caudal and rostral anterior
cingulate, cuneus, lingual, lateral occipital, and pericalcarine) which
did not show any effects (e.g., average causal mediation effect at
EYO = -5 for the lateral orbitofrontal: estimates = —0.14 [-0.26,
—0.05] 95% Cl, p-value < 0.0001, Table S10 in supporting informa-
tion). In subcortical regions, AB burden in amygdala, hippocampus, or
putamen mediated these effects as well, with the putamen showing
strong mediating effects starting even at EYO = —10 (e.g., average
causal mediation effect at EYO = —10: estimates = —0.11 [-0.22,
—0.03] 95% Cl, p-value < 0.0001, Table S10 in supporting infor-
mation). Interestingly, the caudate and rostral anterior cingulate AB
burden, which were the most influenced by mutation position with
EYO, did not mediate the effects of mutation position on CDR-SB.
PMSD partially mediated the effect of mutation position on clinical
dementia measure which was significantly worse in post-200 MCindis-
ease stages past the estimated years to symptom onset, at EYO = 0,
0.5, and 1 (e.g., average causal mediation effect at EYO = 0.5: esti-
mates =0.2[0.01,0.38] 95% Cl, p-value < 0.05, Table S11 in supporting
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FIGURE 4 Cross-sectional progression of global imaging markers of SVD in NC and pre- and post-200 MC groups. (A) Scatterplot of raw
PSMD values as a function of EYO (left panel) and plots of LME mean estimates of PSMD for pre-200 carriers (blue triangle), post-200 carriers (red
square), and non-carriers (black circle) per 10-year range of EYO (right panel). Post-200 carriers have significantly higher injury with advanced
EYO compared to NCs and pre-200 MC. (B) Scatterplot of log-transformed total WMH volume values as a function of EYO (left panel) and plots of
LME mean estimates of log-transformed total WMH volume per 10-year range of EYO (right panel). Both pre- and post-200 MC show larger
volumes compared to NC at EYO>O0. (C) Scatterplot of log-transformed total mH count (dark red horizontal line denotes 5 mH) as a function of
EYO (left panel), and plots of negative binomial mixed effect models mean estimates of total count of mHs broken down by EYO —15, —10, -5, and
0. Post-200 MC have more mHs compared to pre-200 MC at EYO = —10 and EYO = -5 years. EYO, estimated years to symptom onset; LME, linear
mixed effect; mH, microhemorrhage; MC, mutation carrier; NC, non-carrier; PSMD, peak width of skeletonized mean diffusivity; PVWMH,
periventricular white matter hyperintensity; SVD, small vessel disease; WMH, white matter hyperintensity. Significance levels: *p < 0.05;

**p < 0.005,***p < 0.0005 in blue for pre-200 versus NC, in red for post-200 versus NC, and in black for pre-200 versus post-200 carriers.

information). The mutation position effect on clinical dementia mea- [-0.01, 0.22] 95% Cl, p = 0.08; Table S11 in supporting informa-
sures was, however, not mediated by markers of white matter lesions, tion). Similarly, these effects were not mediated by the total count of
as measured by PV WMH volumes at any stage of the disease, microhemorrhages (eg, average causal mediation effect at EYO = 0.5:
although a trend was observed in disease stage EYO = O and over estimates =0.08[-0.01,0.22] 95% Cl,p=0.08; Table S11 in supporting
(eg, average causal mediation effect at EYO = 0.5: estimates = 0.08 information).
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FIGURE 5 Cross-sectional progression of regional imaging markers of SVD in non-carrier, pre- and post-200 MC groups. (A) Scatterplot of
regional WMH volumes as a function of EYO (left panel) and plots of LME mean estimates (middle panel) of deep, total periventricular, anterior,
and posterior periventricular (top to bottom) WMH for pre-200 carriers (blue triangle), post-200 carriers (red square), and NCs (black circle) by
per 10-year range of EYO. Deep WMH is presented as log (1 + x) to facilitate visualization. (B) Scatterplot of regional mH count as a function of
EYO (right panel) for frontal, parietal, temporal, and occipital (top to bottom). Counts are presented as log (1 + x) to facilitate visualization and dark
red horizontal lines denote five mHs. EYO, estimated years to symptom onset; mH, microhemorrhage; NC, non-carrier; MC, mutation carrier;
PVWMH, periventricular white matter hyperintensity; SVD, small vessel disease; WMH, white matter hyperintensity. Significance levels: *p < 0.05,
**p < 0.005, ***p < 0.0005 in blue for pre-200 versus NC, in red for post-200 versus NC, and in black for pre-200 versus post-200 carriers.

4 | DISCUSSION

In this cross-sectional neuroimaging and clinical study of a DIAD pop-
ulation, we demonstrated that mutation position within the PSEN1
coding sequence influenced the spatiotemporal development of AS
deposits and signs of SVD as well as the late clinical stages of the dis-
ease. Carriers with mutations postcodon 200 have elevated A3 burden
beginning in occipital areas very early in the disease, as well as more
severe markers of SVD, including PV white matter lesions and diffusion
indices, which partly mediate worse clinical outcomes in later stages
compared to those with mutations precodon 200. The precodon 200
group began accumulating Ag later in the disease course but reached
higher levels in most cortical and subcortical regions, resulting in higher
AB burden in later disease stages. Although this genotype grouping
strategy has limitations, these findings highlight the genotypic variabil-

ity seen in DIAD and how it plays a role in disease presentation and

progression. These data may inform patient prognoses and the conduct
of future clinical trials in this patient population.

We previously reported that mean cortical and striatal A3 accu-
mulation was higher in precodon 200 PSEN1 carriers.2 Our present
study further examined 40 cortical and subcortical regions to provide a
more detailed evaluation. We found that, compared to post-200 car-
riers, pre-200 carriers had more rapid accumulation of Ag in all 40
regions except for posterior regions such as the cuneus and lingual
cortex. Though mutation position influenced Ag burden trajectory, the
regional patterns of AS burden were similar in both groups, with the
highest accumulation in the caudate, precuneus, middle frontal, and
rostral anterior cingulate and the least accumulation in the cuneus,
lingual cortex, and thalamus. Such regional A3 accumulation patterns
have been widely reported in studies of DIAD, with regions such as
the precuneus showing the earliest changes and being highly associ-

ated with disease progression, as well as high striatal uptake compared
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TABLE 2 Clinical presentation and characteristics of participants.
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NC Pre-200 MC Post-200 MC p value?®
148 83 162

Case with clinical decline estimated by clinician, n (%) 9(6.1) 30(36.1) 62 (38.3) 0.78

Age estimated at clinical decline, mean + SD, years 332+11.1 380+75 443+ 9.0 <0.005

Case with reported motor symptoms, n (%) 3(2.0) 6(7.2) 25 (15.4) 0.10

Age of onset of motor symptoms, mean + SD, years 45+ 125 40+ 6.1 48.5+8.5 0.02

Case with reported behavioral symptoms, n (%) 8(5.4) 15(18.1) 45 (27.8) 0.12

Age of onset of behavioral symptoms, mean + SD, years 328+144 36.78 +7.7 440+ 114 0.01

CDR spatial orientation domain > 0, n (%) 0 18(21.69) 40 (24.69) 0.64

CDR language domain > 0, n (%) 1(0.68) 10(12.05) 18(11.11) 0.83

CDR behavior, comportment, and personality > 0, n (%) 5(3.4) 10(12.1) 32(19.8) 0.15

Comorbidity clinician diagnosis

Dementia with Lewy bodies, n (%) 0(0) 0(0) 1(0.62) 1

Vascular dementia, n (%) 1(0.68) 0(0) 0(0) 0.59

Corticobasal degeneration, n (%) 0(0.0) 1(1.20) 1(0.62) 0.69

Depression, n (%) 26(17.6) 19(22.9) 34(21.0) 0.75

Parkinson’s disease, n (%) 0(0) 0(0) 1(0.62) 1

Stroke, n (%) 1(0.68) 0(0) 2(1.23) 0.80

Primary domain responsible of clinical decline (in cases with cognitive decline)

Motor, n (% of cases with reported clinical decline) 2(22.2) 0(0) 3(4.8) 0.55

Behavior, n (% of cases with reported clinical decline) 2(22.2) 7(23.3) 8(12.9) 0.23

Cognition, n (% of cases with reported clinical decline) 4(44.4) 22(73.3) 50(80.7) 0.58

Symptom of decline in cognition (in cases with clinical decline)

Attention/concentration, n (%) 2(22.2) 19(63.3) 34 (54.8) 0.50
First recognized, n (% of cases with attention/concentration 1(50) 3(15.8) 3(8.8) 0.65
deficit)

Judgment and problem solving, n (%) 1(11.1) 16 (53.3) 37(59.7) 0.65
First recognized, n (% of cases with judgment and problem 0(0) 2(12.5) 3(8.1) 0.63
solving)

Language deficit, n (%) 1(11.1) 9(30) 21(34.4)(1) 0.81
First recognized, n (% of cases with language deficit) 1(100) 0(0) 0(0) -

Memory, n (%) 4(44.4) 28(93.3) 57(91.9) 1
First recognized, n (% of cases with memory symptoms) 4(100) 23(82.1) 50 (87.7) 0.52

Visuospatial function, n (%) 0(0) 7(24.1) 23(37.1) 0.24
First recognized, n (% of cases with visuospatial function deficit) 0(0) 0(0) 1(4.3) 1

Fluctuating cognition, n (%) 0(0) 4(13.8) 6(9.7) 0.34

The data of the non-carrier (NC) group are presented for reference and not included in the analyses as the research question aims to assess the potential
effect of the mutation position on clinical presentation when symptoms are present. Variables reported in this table are based on clinician reports using UDS

forms B9 and D1.
aStatistical results of comparison between the two carrier groups.

to sporadic LOAD populations.3?-42 While these reports combined
all mutation types, PSEN1 variants account for more carriers than
PSEN2 and APP mutation types combined and contribute significantly
to the previously reported patterns of A distribution and explain
consistency across studies. Our finding, that the regional pattern of
AB deposition is consistent across mutation groups but that the time
course differs, nevertheless supports the use of summary regions

for evaluating overall A burden in DIAD and its utility in clinical
trials.

While we observed a consistent AS pattern overall, interestingly,
post-200 carriers showed AB PET binding earlier in the disease starting
in lingual and occipital regions, commonly affected later in the dis-
ease course.*3 Recent work using large neuroimaging studies of LOAD
defined three types of progression, including an occipital type where
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FIGURE 6 Cross-sectional progression of clinical and cognitive measures in pre- and post-200 MC groups per 5-year range of EYO.
Scatterplot of raw values as a function of EYO (left panel) and plots of LME mean estimates (right panel) of CDR-SB (top), MMSE (middle), and
cognitive composite (bottom) for pre-200 (blue triangle), post-200 carriers (red square), and NCs (black circle) by EYO ranges. Post-200 had worse
measures of CDR-SB and MMSE in EYO +5 years compared to pre-200 carriers. EYO, estimated years to symptom onset; LME, linear mixed effect;
MC, mutation carrier; NC, non-carrier; CDR-SB, Clinical Dementia Rating Sum of Boxes; MMSE, Mini-Mental State Examination. Significance
levels: *p < 0.05, **p < 0.005, ***p < 0.0005 in blue for pre-200 versus NC, in red for post-200 versus NC, and in black for pre-200 versus post-200

carriers.

A starts to accumulate in lingual and occipital regions and then propa-
gates to the precuneus,** which mimicked the profile found in post-200
carriers. A similar data-driven approach applied in DIAD cohorts would
be of interest to confirm this pattern within different mutation types
and subtypes. However, it is not clear whether this early occipital SUVR
uptake observed 20 years ahead of expected onset in post-200 carriers
corresponds to AS deposition in the parenchyma or in blood vessels.
Occipital regions are, indeed, often associated with vascular Ag or
CAA.*> Although the PiB signal from CAA may be overshadowed by
the signal from parenchymal amyloid,*® considering that current A
PET tracers can detect both parenchymal plaques as well as AS in the
vasculature,*” it is possible that this early occipital PiB uptake indicates
CAA rather than parenchymal Ag plaques.

This hypothesis is consistent with our finding that post-200 carri-
ers show elevated markers of SVD early, between EYO —10 and O, and
with prior imaging and neuropathology studies that clearly established
more severe CAA in individuals with a PSEN1 mutation postcodon
200.710 We confirmed that post-200 carriers had larger white matter
lesions as measured by WMH volumes, and we found specifically larger
volumes in posterior PV areas. Similar imaging findings were reported

by Ryan and colleagues based on semi-quantitative measure of WMH

volume. They, however, reported greater inflammation in white mat-
ter with lower axonal density or integrity in pre-200 cases, indicating
worse white matter damage in this group at autopsy.** This latter find-
ing seems to contradict our in vivo findings of white matter injury. The
cross-sectional increase in PSMD, a reliable marker of SVD,1%8748 was
particularly high in the post-200 group.

Regarding microhemorrhages, while we confirmed our previous
report that mutation position does not significantly affect the odds
of developing them generally?® or in any specific lobe, we did find an
influence on the total count of microhemorrhages, including a trend
toward occipital count, with post-200 carriers showing higher counts
starting at preclinical stages. This finding has implications for clinical
trial enrollment since total microhemorrhage count is a strong risk fac-
tor for the development of AB-related imaging abnormalities (ARIA) in
individuals with DIAD treated with anti-amyloid antibodies.*?

Vascular risk factors may influence the development of these mark-
ers of SVD, but in our cohort no difference between pre- and post-200
PSEN1 carriers was observed in the prevalence of hypercholes-
terolemia, diabetes, or stroke. However, the prevalence of clinically
confirmed hypertension was lower in the pre-200 group. This might

be explained by the younger mean age of this group, although the
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difference was not significant. The post-200 PSEN1 carrier group had a
similar prevalence of hypertension compared to the NC group, so in our
cohort having hypertension did not entirely explain the more severe
SVD markers in this group.

In terms of clinical presentations, we found a trend toward higher
prevalence of motor and behavioral symptoms in post-200 compared
to pre-200, consistent with previous DIAN studies in which motor
deficits, quantified with the Unified Parkinson Disease Rating Scale,
were more common and more pronounced in post-200 compared to
pre-200.13 The prevalence of other clinical, visual, or language impair-
ments was not significantly different between groups, but, again, the
post-200 group tended to have higher prevalence of CDR > O for
behavioral, comportment, and personality domains. We focused on
carriers reported by their clinicians to have shown decline; thus, our
sample size was small and limited our ability to rigorously examine
group differences.

While behavioral and motor symptoms appeared less prevalent in
the pre-200 group, interestingly, the ages of onset of these reported
symptoms were lower in this group. Based on their younger age at
onset and rapid development of A3 deposition,®>° one might expect
individuals with mutations precodon 200 to experience worse clinical
and cognitive symptoms compared to individuals with a mutation post-
codon 200. However, even after accounting for age of onset and other
potential cofounding factors like APOE €4 status, we still observed
that post-200 carriers presented with more severe clinical demen-
tia ratings and MMSE scores and tended to show worse cognitive
composite scores in later disease stages compared to pre-200. We pre-
viously reported similar cross-sectional overall progression of CDR-SB
measures between both groups, suggesting similar functional decline
overall.® Differences in modeling and sample size may explain the dif-
ference in findings. However, further evaluation utilizing grouping by
cytoplasmic versus transmembrane mutation location found an effect
on cognition as measured by MMSE, confirming that the mutation
position influences cognitive decline.!

We further hypothesized that the mutation position effect on clin-
ical measures might be linked to the worse markers of SVD in the
post-200 group. We found that PSMD, and a trend for PV WMH vol-
umes, partially mediated the worse clinical outcomes in late disease
stages. We also observed that regional amyloid burden mediated the
effects of mutation position on clinical measures. Within the scope
of our study, we did not investigate how both regional amyloid and
SVD mediations entered into play; however, others have shown that
AB mediates the relationship between SVD and cognition in LOAD,
suggesting close relationships among these factors.”2 We focused on
markers of amyloidosis and SVD, but other factors mediating or con-
tributing to these effects, such as axonal degeneration, may also play a
role.

A limitation of using codon 200 to investigate genetic variability
is the arbitrary selection of the codon location without clear biolog-
ical relevance and the inherent issue of dependency on the cohort
size and number of mutations represented in each group. One could
speculate that mutations located postcodon 200, being closer to the

two aspartate residues critical for gamma-secretase activity, may

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

have differential effects on APP processing. Other grouping methods
accounting for protein domains and ongoing investigations into mech-
anistic pathways involving PSEN1 may provide additional insight into
why certain mutations located precodon 200 appear more deleteri-
ous than certain mutations located postcodon 200. Further studies are
needed to understand the biology underlying such mutation-specific
AD pathophysiology processes.

In summary, this study highlights better understanding of the risk
factors of certain families for developing more aggressive pathologies
is critically important for enabling a more adapted response in clinical
trials, especially if certain families with PSEN1 post-200 mutations are
at greater risk of developing ARIA. The heterogeneity in disease pre-
sentation in DIAD needs to be considered in trial design, participant

inclusion/exclusion criteria, and adaptive trial monitoring.
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