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Abstract
Introduction: The term primary progressive aphasia (PPA) sums up the non-fluent
(nfv), the semantic (sv), and the logopenic (lv) variant. Up to now, there is only limited
data available concerning magnetic resonance imaging volumetry to monitor disease
progression.
Methods: Structural brain imaging and an extensive assessment were applied at baseline and up to 4-year(s) follow-up in 269 participants. With automated atlas-based volumetry 56 brain regions were assessed. Atrophy progression served to calculate sample sizes for therapeutic trials.
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Results: At baseline highest atrophy appeared in parts of the left frontal lobe for
nfvPPA (–17%) and of the left temporal lobe for svPPA (–34%) and lvPPA (–24%).
Severest progression within 1-year follow-up occurred in the basal ganglia in nfvPPA
(–7%), in the hippocampus/amygdala in svPPA (–9%), and in (medial) temporal regions
in lvPPA (–6%).
Conclusion: PPA presents as a left-dominant, mostly gray matter sensitive disease with
considerable atrophy at baseline that proceeds variant-specific.
KEYWORDS

atlas-based volumetry, disease progression, frontotemporal dementia, longitudinal magnetic resonance imaging, primary progressive aphasia, sample size calculation

INTRODUCTION

WBV loss of about 0.5% (n = 142) is supposed to start at age 30 and
accumulating with age.25–27 Sample sizes to detect a therapeutic effect

Primary progressive aphasia (PPA) is defined as a gradually developing,

of 25% (40%) ranged from n = 135 to 158 (n = 54 to 62) for svPPA, n =

progressive language impairment that is the most salient deficit dur-

105 to 777 (n = 42-303) for nfvPPA, and n = 81 (n = 32) for lvPPA.23,28

ing early stages of the disease and has no other cause than neurode-

To entangle structural MRI data by examining brain atrophy

generative

processes.1

Three main subtypes have been defined, that

evidence-based and without a priori defined regions to monitor dis-

is, the non-fluent (nfvPPA), the semantic (svPPA), and the logopenic

ease progression we address the following hypotheses: (1) All PPA

(lvPPA) variants.2 Each subtype presents with a particular clini-

subtypes should present at baseline with disease-specific atrophy pat-

cal phenotype. NfvPPA is characterized by a slow, effortful speech

terns that differ from healthy controls and from each other.7,8 (2) Dis-

with inconsistent sound errors; grammatical failures; fragmented,

ease progression is related to increasing and more widespread atrophy.

telegram-like sentences; and an impaired comprehension of more com-

(3) Atrophy rates within and between groups define most vulnerable

plex instructions.2,3 SvPPA often manifests with naming impairments,

regions and enable calculation of reliable sample sizes for therapeutic

impeded single word comprehension, surface dyslexia or dysgraphia,

trials. (4) Sample sizes are calculated for progression over 1- and 2-year

and decreased object knowledge.1,2 LvPPA includes impaired word

follow-up comparing their respective statistical power.

retrieval, phonological errors in spontaneous speech and naming, as
well as hampered repetition of sentences that is supposed to be a consequence of verbal short-term memory deficits primarily.2,4,5 Imag-

2

METHODS

ing biomarkers support classification and are especially important to
track clinico-anatomical correlates as each subgroup is associated with

2.1

Study population

regionally selective neuronal loss.6 In fact, PPA variants can be separated both from healthy controls and from one another with struc-

With data-lock in 2018, n = 269 participants from the German Fron-

tural measurements.7 The hallmark of PPA is a cerebral atrophy in

totemporal Lobar Degeneration (FTLD) consortium sample with at

regions involved in language processing with a focus on the inferior

least one and up to four visits with MRI scan were either included and

frontal gyrus and the insula cortex with extension to the superior

evaluated as healthy control (CON) or diagnosed with PPA according

temporal gyrus in nfvPPA, the anteroinferior temporal lobe in svPPA,

to the valid criteria.2 After exclusion of inchoate data and demographic

and the posterior superior temporal and inferior parietal cortices in

outliers, n = 95 participants (CON n = 25, nfvPPA n = 29, svPPA n

lvPPA.4,8–11

Accordingly, atrophy is dominantly left lateralized within

= 22, lvPPA n = 19) completed a baseline (V1) and a consecutive 1-

the (asymmetrically organized) language network, disease-specific (at

year follow-up (V2) examination, and of those n = 43 a 2-year follow-

least in the beginning of the condition), and differs in progression rate

up (V3) visit. To increase sample size for longitudinal disease track-

between subtypes.8,12–18 In the course of the disease, however, addi-

ing we included a further n = 11 subjects (CON n = 2, nfvPPA n = 3,

tional symptoms may occur and clinical syndromes finally blur.1,19,20

svPPA n = 5, lvPPA n = 1) that passed the baseline (V1) and the 2-year

There is only limited data available concerning longitudinal mag-

follow-up (V3) examination (missing the V2). A total of n = 106 sub-

netic resonance imaging (MRI) volumetry as an objective parameter to

jects and their volumetric data of up to three timepoints (V1 to V3)

monitor disease progression and to calculate sample sizes for disease-

was finally included in this study. Data were collected between 2011

modifying therapeutic trials. So far, studies reported annual changes in

and 2018 from 10 German sites (Bonn, Erlangen, Göttingen, Hamburg,

whole brain volume (WBV) in PPA subgroups ranging from –1.6% to –

Homburg/Saar, Leipzig, Munich, Rostock, Ulm, Würzburg); data sub-

2.9% (n = 9 to 21),15–17,21–24 whereas in healthy maturation an annual

sets have been used previously.29,30

3
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sum score29 indicated each patient’s language abilities. Trained raters
conducted the Frontotemporal-specific Clinical Dementia Rating Scale

HIGHLIGHTS
∙ Early on, PPA variants show distinct atrophy patterns
∙ Frontal areas and subcortical basal ganglia are particularly

(FTLD-CDR)31 at each visit.

affected in nfvPPA
∙ Atrophy and its longitudinal progression is locally most

2.4

restricted in svPPA
∙ Profound volume loss in lvPPA includes frontal, temporal

At baseline visit, cerebrospinal fluid (CSF) was taken to determine tau,

and parietal regions
∙ Therapeutic trials can be based on at least 30 patients per

Neurochemical markers

phosphorylated tau (p-tau), and amyloid beta (Aβ). Blood samples were
collected to measure neurofilament light chain levels (NfL)30 at each
visit (Table 1).

group

2.5
Imaging data acquisition and volumetric
analysis
RESEARCH IN CONTEXT

For diagnostic purposes, patients received an FDG- and amyloid-PET

1. Systematic review: The authors reviewed the existing

at baseline visit, if available. All imaging data were collected in accor-

literature concerning progression markers, location, and

dance with the standard operating procedures (SOPs) of the FTLD

quantification of atrophy in primary progressive aphasia

consortium. A 3 Tesla MRI scan was conducted at baseline and every

(PPA). Although clinical phenotypes have been described

year follow-up (layer thickness: 1 mm, repetition time: 2300 millisec-

in detail, magnetic resonance imaging volumetry as an

onds, echo time: 3.0 milliseconds, inversion time: 900 milliseconds,

objective parameter to monitor disease progression is

voxel x/y/z: 1/1/1mm). In preparation, the T1-weighted magnetization-

still limited.

prepared rapid gradient echo (MPRAGE) sequence image of each MRI

2. Interpretation: Our findings provide detailed information

underwent a thorough quality control by sight and was converted from

of longitudinal pathologic brain volume decrease without

Digital Imaging and Communications in Medicine (DICOM) format into

a priori defined regions in all three defined PPA subtypes.

Neuroimaging Informatics Technology Initiative (NIfTI) file format with

3. Future directions: The longitudinal subtype-specific anal-

the help of the MRIConvert program (version 2.0 rev.235, Lewis Cen-

ysis of disease progression allows us to comprehend

ter for Neuroimaging, University of Oregon; http://lcni.uoregon.edu).

primary and secondary affected brain regions and thus

Images were then processed and analyzed for 56 target regions defined

appropriate sites to evaluate therapeutic trials. However,

by the LONI Probabilistic Brain Atlas (LPBA40) including 50 cortical

further research needs to (1) clarify individual disease

structures, four subcortical areas, brainstem, and cerebellum32 with

progression in terms of predictive models; (2) elaborate

the help of fully automated atlas-based volumetry (ABV)33 that allows

criteria that are capable of accommodating additional,

a further subdivision into gray and white matter (for detailed proce-

mixed, or unclassifiable symptoms that may occur in early

dure see Appendix S1 in supporting information).

or late stages of the disease taking into account clinicoanatomical correlates; (3) work out spotting the earliest
possible pathologic alterations to implement best thera-

2.6

Statistical analysis

peutic interventions.
Statistical analyses were performed with IBM SPSS Statistics for Windows, Version 25, and R software, Version 3.6.1.

2.2

Genetic testing
2.6.1

Cross-sectional data

Genetic testing for most causative gene mutations in FTLD (C9orf72,
MAPT, GRN, TBK1) confirmed a total of six pathogenic mutation carri-

Normal distribution was examined with the Shapiro-Wilk test (or

ers among the patient group (Table 1).

Kolmogorov-Smirnoff test for ordinal data). Differences in central tendencies between groups in demographic data, clinical, and cognitive
results were conducted either with a univariate analysis of variance

2.3

Neuropsychological and clinical assessment

with Bonferroni or Dunnett-T3 post hoc test or with a Kruskal-Wallis
H test and Bonferroni correction for ordinal data and in case of non-

Each study visit included a neurological and an extensive neuropsychological protocol (for details see Semler et

al.29 )

The balanced PPA

parametrical distributions. To make volumetric data between groups
comparable and to control for effects of disparate head sizes, results

4
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TA B L E 1

Demographic data for study population
CON
N

V1 (baseline) N

106

NfvPPA
Mean (±SD)

27

N

SvPPA
Mean (±SD)

N

32

lvPPA
Mean (±SD)

N

27

Mean (±SD)

20

Demographics
Sex [f:m]

27

11:16

32

16:16

27

12:15

20

11:9

Handedness
[right/mixed/left]

27

26/1/-

32

27/-/5

27

32/-/-

20

15/2/3

Age at symptom onset
(years)

-

-

32

65.2 (±8.9)**,c

26

58.5 (±7.7)

20

63.5 (±6.3)

Age at baseline (years)

27

68.1 (±8.3)

32

67.8 (±8.6)

27

62.9 (±7.2)*,d

20

69.1 (±5.1)

Education (years)

26

14.7 (±2.9)

31

13.1 (±3.4)

24

14.5 (±3.3)

20

12.8 (±3.2)

Disease duration (years)

-

-

32

2.1 (±1.7)*,d

26

3.3 (±2.5)

20

4.5 (±3.2)

Neurochemical markers
Tau (CSF)

-

-

26

355.4 (±157.4)

17

486.6 (±338.5) 14

588.3 (±433.3)

pTau (CSF)

-

-

24

51.6 (±26.6)

16

59.4 (±29.2)

80.1 (±57.8)

Aβ42 (CSF)

-

-

27

994.9 (±324.0)**,d 17

NfL (serum)

11

17.3 (±15.8)

23

38.3 (±20.7)

27

29.2 (±0.8)***,b,c,d

**,a

12

871.0 (±435.3) 15

22

28.0 (±12.4)

*,a

612.7 (±306.3)

15

23.3 (±13.6)

Neuropsychology & clinical
rating
MMSE
CDR

25

31

23.8 (±5.6)

26

23.7 (±5.9)

20

21.8 (±6.3)

0.0 (±0.1)

***,b,c,d

28

2.2 (±2.6)

25

3.1 (±2.3)

18

3.2 (±3.1)

***,b,c,d

28

4.3 (±3.4)

25

5.0 (±3.0)

18

245.1 (±48.1)

16

246.0 (±44.5) 13

FTLD-CDR

25

0.0 (±0.1)

PPA-sum score (balanced)26

13

334.4 (±11.7)***,b,c,d 19

MRI

27

32

17

20

FDG-PET

2

26

18

15

4.9 (±3.8)
254.5 (±43.4)

Neuroimaging

Genetic testing

15

26

25

17

C9orf72/GRN/MAPT/TBK1

-

3

2

1

24

29

22

19

V2 (1-year N
follow-up)

94

Demographics
Sex [f:m]

24

10:14

29

13:16

22

11:11

19

10:9

Age (years)

24

69.3 (±8.7)

29

68.8 (±8.6)

22

63.8 (±7.9)

19

70.2 (±5.3)

12

13.3 (±4.5)***,b,c

19

47.2 (±32.9)

18

36.5 (±15.9)

14

24.0 (±13.4)

23

28.9 (±1.0)***,b,c,d

Neurochemical markers
NfL (serum)
Neuropsychology & clinical
rating
MMSE
CDR

20

27

21.1 (±7.4)

21

20.5 (±8.9)

18

19.2 (±8.7)

0.1 (±0.2)

***,b,c,d

25

3.5 (±3.4)

21

5.1 (±3.2)

16

4.8 (±3.9)

***,b,c,d

25

6.4 (±4.4)

21

7.8 (±4.3)

16

222.1 (±61.1)

15

228.3 (±46.9) 11

FTLD-CDR

20

0.1 (±0.2)

PPA-sum score (balanced)

14

335.5 (±9.1)***,b,c,d 18

12

18

V3 (2-year N
follow-up)

54

15

7.3 (±4.6)
243.0 (±36.0)

9

Demographics
Sex [f:m]

12

4:8

18

11:7

15

3:12

9

6:3

Age (years)

12

69.8 (±7.9)

18

69.8 (±7.9)

15

63.1 (±7.1)

9

71.0 (±5.4)

(Continues)
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TA B L E 1

(Continued)
CON

NfvPPA

SvPPA

lvPPA

N

Mean (±SD)

N

Mean (±SD)

N

Mean (±SD)

N

Mean (±SD)

1

-

10

58.9 (±25.6)

10

40.1 (±29.1)

6

24.4 (±13.9)

12

28.7 (±1.0)**,c,d

Neurochemical markers
NfL (serum)
Neuropsychology & clinical
rating
MMSE
CDR

12

13

17.0 (±10.1)***,a

11

20.6 (±8.6)

7

18.6 (±7.0)

0.0 (±0.1)

***,b,c,d

15

4.7 (±4.1)

13

5.4 (±4.6)

9

3.8 (±2.3)

***,b,c

15

8.1 (±4.7)

13

8.4 (±5.8)

9

6.3 (±2.9)**,a

5

163.5 (±83.8)**,a

7

211.3 (±21.9) 6

FTLD-CDR

12

0.1 (±0.2)

PPA-sum score (balanced)

7

333.0 (±14.3)*,c,d

202.7 (±81.1)

Abbreviations: CDR, Clinical Dementia Rating; CON, healthy controls; f, female; FTLD-CDR, Frontotemporal-specific Clinical Dementia Rating; lvPPA,
logopenic variant primary progressive aphasia; m, male; MMSE, Mini-Mental State Examination; nfvPPA, non-fluent variant of primary progressive aphasia;
SD, standard deviation; svPPA, semantic variant of primary progressive aphasia.
Note: Subjects with at least two subsequent visits that were included in cross-sectional and longitudinal data evaluations (n=106). *, P <.05; **, P <.01; ***, P
≤.001.
a
Differs from CON.
b
Differs from nfvPPA.
c
Differs from svPPA.
d
Differs from lvPPA (cross-sectional comparison).

of the ABV for V1 were corrected for intracranial volume (ICV): Struc-

reported. Second, the course of volume change was retraced within

tural volumes per subject were divided by the individual ICV and multi-

each group to describe variant-specific atrophy progression over time.

plied with the mean ICV of the whole study population (M[V1] = 1405

To control for possible confounding factors (e.g., disease duration, age

mL). Cross-sectional volume disparities between each PPA group and

at symptom onset, handedness, bias between centers) sensitivity anal-

healthy controls were calculated as difference of mean structural vol-

yses were performed (Appendix S2 in supporting information).

ume for each brain region measured by the LPBA40 separately using a
simply contrasted analysis of covariance (ANCOVA) with factor group
and the covariates age and sex. The level of significance was set to P =

2.6.3

Sample size estimation

.05. Because the analysis approach was fully explorative, adjustment of
results due to multiple testing was not performed. Only volume dispar-

The annualized volume decline (for 1- and 2-year disease progres-

ities P <.001 were reported.

sion) in percent per subject per group served to generate sample size
estimates: First, standardized effect sizes based on mean volume differences between patients and healthy controls were computed (for

2.6.2

Longitudinal data

detailed procedure see Müller et al.35 ) Then, a theoretical treatment
effect of 50%, 20%, and 10% was assumed for all PPA groups sepa-

Longitudinal MRI measurements (for three timepoints, V1 to V3) were

rately. Calculation of the minimum sample sizes per group was based on

analyzed by means of R software (www.r-project.org). To correct for

an independent t-test assuming a two-sided, explorative type 1 error

chronological interval, volumetric data of follow-up appointment was

level of 5% and a statistical power of 80%. A non-parametric bootstrap-

corrected and consistently set 365 days (730 days in case V2 was

ping approach was used to provide 95% confidence intervals for the

missing) after the previous visit. Therefore, volume difference between

estimated sample sizes. Based on 1000 replicates for each scenario, the

visits was divided by the exact count of days between baseline and

adjusted bootstrap percentile interval was calculated (“boot” package).

the consecutive 1-year (2-year) follow-up measurement and multiplied
with the factor 365 (730, respectively). The corrected annual volume
decline was deducted from the baseline volume. To analyze the data

3

RESULTS

descriptively, patient-individual trajectories and box and whisker plots
separated by disease group were created initially. Longitudinal mea-

3.1

Demographics

sures were then assessed in two ways: First, volume information of
each PPA group was compared to healthy controls. A possible impact

Table 1 summarizes demographic data, clinical results, and cognitive

of disease group and time point of visit on MRI measurements, adjusted

scores for the eventual study population (n = 106). Sex distribution and

for age at baseline and sex, had been investigated using a linear mixed-

years of education showed no substantial difference between groups.

effects (LME) model (“lmerTest” package)34 using annualized data of

Patients with svPPA were younger than those with nfvPPA in relation

the first three visits. Results from the LME model with P <.001 were

to age at symptom onset (P = .006) and younger than those with lvPPA

6
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concerning age at baseline examination (P = .043). In nfvPPA disease

3.3

Atrophy progression

duration was indicated shorter than in lvPPA (P = .024). All PPA subgroups differed from healthy controls (P <.001) but not between each

Healthy controls showed atrophy rates in distinct regions from 0% to

other relating to CDR, FTLD-CDR, Mini-Mental State Examination

–3% within 1-year follow-up and from 0% to –6% within 2-year follow-

(MMSE), and PPA sum score. The exemplary boxplots and spaghetti

up. Comparing overall gray versus white matter atrophy within each

plots (Figure 1 and 2) outline the course of brain volume per region

PPA group assessed with a paired t-test (or Wicoxon signed-rank test),

over time. For depiction of the whole study population (n = 269) see

yielded stronger GM atrophy in svPPA (P = .009) within 2-year follow-

Appendix S1 and S2.

up, and in lvPPA (P = .024) within 1-year follow-up but not in nfvPPA.

3.2

3.3.1

Atrophy pattern at baseline

Atrophy progression in nfvPPA

At baseline, brain volume differed significantly between healthy con-

Compared to healthy controls, notable volume deviation (P <.001)

trols and PPA subgroups (Figure 3; Appendix S3 in supporting infor-

appeared over 1-year follow-up in the bilateral superior (GM, WM),

mation). The one-way ANCOVA with planned contrasts revealed that

middle (GM, WM) and inferior (GM, WM) frontal and precentral gyrus

in nfvPPA atrophy was most pronounced (P <.001) in both frontal

(GM), the superior temporal gyrus (GM), the insula, the supramarginal

lobes, the left temporal, and the left parietal lobe. More specifically,

(GM), and the middle occipital gyrus (GM). Left lateralized volume dis-

in the bilateral superior (gray matter [GM], white matter [WM]), mid-

parities were located in the middle (GM) and lateral (GM) orbitofrontal

dle (GM, WM) and inferior (GM, WM) frontal gyrus, the left precen-

gyrus; the middle (GM, WM) and inferior (GM, WM) temporal gyrus;

tral (GM) gyrus† , left superior (GM), and middle (GM) temporal gyrus

the fusiform (GM), cingulate (GM), postcentral (GM) and angular gyrus

and left angular (WM) gyrus. Beyond that, the left striatum, putamen† ,

(GM, WM); and precuneus (GM). Subcortically, the bilateral stria-

and hippocampus/amygdala complex† delineated as most extensively

tum, caudate, putamen, and hippocampus/amygdala complex displayed

declined. Atrophy in svPPA compromised most extensively (P <.001)

notably reduced volume. Within 2-year follow-up, the left fusiform

both temporal lobes and the left frontal lobe. Primarily, GM volume

gyrus (WM), left supramarginal gyrus (WM), and left precuneus (WM)

loss was found in the bilateral superior, middle, and inferior tempo-

were additionally detected.

ral and parahippocampal (right† ) gyrus while WM decrease appeared

Volume decline within the group stated that in nfvPPA highest pro-

in those regions only left lateralized (superior temporal gyrus WM† ).

gression rates within 1 year occurred in the left basal ganglia (–7%) and

Also, the left fusiform gyrus (GM, WM), left cingulate gyrus (GM), left

parts of the (left > right) frontal lobe (–5% to –6%; (Figure 4A; Appendix

insula, left gyrus rectus (GM)† , left middle frontal gyrus (GM)† , as well

S4 in supporting information). Volumetric changes after 2 years high-

as the left middle (GM)† and lateral (GM)† orbitofrontal gyrus was con-

lighted the same structures (basal ganglia –12%, frontal parts –10%) as

tracted. Subcortical structures showed distinct atrophy bilaterally (left

most afflicted (Figure 4B; Appendix S4).

> right). Atrophy in patients with lvPPA appeared more widespread
with parts of the left frontal, temporal, and parietal lobe notably altered
(P <.001). Substantial atrophy displayed in the left superior (GM) and

3.3.2

Atrophy progression in svPPA

middle (GM, WM† ) frontal gyrus, the left superior (GM, WM† ), middle (GM, WM) and inferior (GM, WM) temporal gyrus as well as in

Compared to healthy controls over both 1- and 2-year follow-up, the

the left fusiform gyrus (GM), left parahippocampal gyrus (WM† ), and

LME model revealed that patients with svPPA differed most (P <.001)

left insula† . Moreover, in the left supramarginal gyrus (GM), left angu-

in the bilateral superior (GM, WM_L), middle (GM, WM_L), and infe-

lar gyrus (GM), left precuneus (GM), and left middle occipital gyrus

rior (GM, WM) temporal gyrus, as well as in volume of the parahip-

(GM) and also the left striatum† , putamen, and hippocampus/amygdala

pocampal (GM, WM_L), fusiform (GM, WM_L), and left cingulate (GM)

complex.

gyrus and bilateral insula. The left superior (GM), middle (GM) and infe-

The interaction group × age reached significance for the hippocam-

rior (GM) frontal gyrus, the middle (GM) and lateral (GM) orbitofrontal

pus/amygdala complex (P = .045) and the left precuneus WM (P = .016),

gyrus, the gyrus rectus (GM), and the angular gyrus (GM) manifested

the interaction group × sex for the parietal lobe WM (P = .019; WM_R:

left-lateralized. Moreover, the bilateral striatum, putamen, hippocam-

P = .011) as well as the right supramarginal (P = .011) and right postcen-

pus/amygdala complex, and the left caudate deviated significantly.

tral gyrus WM (P = .044). After adjustment for multiple comparisons

Within-group volume decline over 1-year follow-up proceeded

(Bonferroni corrected), single results († ) differed slightly from P <.001,

mainly in the left hippocampus/amygdala complex (–9%) and the left

however all within P ≤.004.

middle and inferior temporal gyrus (–8%) (Figure 4A; Appendix S4).

A paired t-test within each group stated that overall GM decrease

Observing volume change in 2-year follow-up, especially these foci

was more pronounced than overall WM decline in svPPA (P = .005) and

remained most vulnerable with peak atrophy scores of –15% (Fig-

lvPPA (P = .045) but not in nfvPPA.

ure 4B; Appendix S4).

LOMBARDI ET AL .

F I G U R E 1 Lateralized decrease in brain volume per group per visit. Boxplots depicting brain volume (in mL) per group over time (visit 1 to 3)
for study sample (n = 106). Red triangles flag mean volume, black strings the median. CON, healthy control; L, left; lv, logopenic variant; nfv,
non-fluent variant; PPA, primary progressive aphasia; R, right; sv, semantic variant
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F I G U R E 2 Individual trajectories of volume loss for distinct brain regions. Spaghetti plots depicting brain volume (in mL) development for
distinctive regions per subject per group over time (visit 1 to 3) for study sample (n = 106). Dots mark factual examinations according to the FTLD
protocol, the blue line depicts mean fitting per group with 95% confidence interval (gray shadow); C9orf72 mutation carrier (yellow); GRN
mutation carrier (green); TBK1 mutation carrier (red); MAPT mutation carrier (purple). CON, healthy control; GM, gray matter; L, left; lv, logopenic
variant; nfv, non-fluent variant; PPA, primary progressive aphasia; R, right; sv, semantic variant
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F I G U R E 3 Volume difference between primary progressive aphasia (PPA) subgroup and healthy control (CON) at baseline. Cross-sectional
comparison between CON and (A) non-fluent variant of primary progressive aphasia (nfvPPA), (B) semantic variant of primary progressive aphasia
(svPPA), (C) logopenic variant of primary progressive aphasia (lvPPA) at baseline. All values were normalized to mean intercranial volume (ICV).
Percentage difference to mean of healthy controls, values reported P <.001. R, right hemisphere; L, left hemisphere; GM, gray matter; WM, white
matter
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F I G U R E 4 Longitudinal atrophy patterns in primary progressive aphasia (PPA) variants. Atrophy progression from baseline to (A) 1-year
follow-up and (B) 2-year follow-up within each group. CON, healthy controls; lvPPA, logopenic variant of primary progressive aphasia; nfvPPA,
non-fluent variant of primary progressive aphasia; svPPA, semantic variant of primary progressive aphasia

3.3.3

Atrophy progression in lvPPA

as deviant, in particular the postcentral (GM), superior parietal (GM),
supramarginal (GM), angular (GM, WM), middle (GM) and inferior (GM)

The following regions differed in patients with lvPPA considerably (P

occipital gyrus, and the precuneus (GM). Significant right lateral volume

<.001) from healthy controls over 1- and 2-year follow-up: Reduced

deviation was located in the superior (GM) and middle (GM) frontal

volume was located in parts of the left frontal lobe, that is, in the

gyrus, the superior and middle temporal gyrus, and the middle occipital

superior (GM), middle (GM, WM) and inferior (GM) frontal gyrus, the

gyrus. On the subcortical level, the left striatum, bilateral putamen, and

lateral orbitofrontal (GM), and the precentral (GM) gyrus. Moreover,

left hippocampus/amygdala complex differed most from healthy con-

in the left temporal lobe, the superior (GM, WM), middle (GM, WM)

trols.

and inferior (GM, WM) temporal gyrus, the parahippocampal (GM,

Results within the lvPPA group revealed highest atrophy rates (–

WM), fusiform (GM, WM) and cingulate (GM) gyrus, as well as the left

6%) in the left superior and middle temporal gyrus (GM), the hippocam-

insula. Also, parts of the left parietal and left occipital lobe stand out

pus/amygdala complex, and the left caudate (Figure 4A; Appendix S4).
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Analyses from the 2-year follow-up rendered highest decline in the left

could be a consequence of the proportionately long disease duration

hippocampus/amygdala complex (–11%) and in the left middle tempo-

(see Table 1).

ral gyrus (–10%; Figure 4B; Appendix S4).

Based on the standardized effect size of longitudinal volume decline
we calculated sample sizes that slightly differ compared to the Amer-

3.4

Sample size calculation for therapeutic trials

Based on mean atrophy rates for 1- and 2-year follow-up, we calculated sample sizes for a 50% to 10% treatment effect (Table 2), that is,
a (50% to 10%) reduction in disease entailed volume decline. Despite
various distributions, all three PPA subgroups showed some overlap
so that a minimum sample size to predict therapeutic effects of 50%,
20%, and 10% in all groups over 1-year follow-up were found in the
left temporal lobe GM (n = 30,183,727) and the left superior temporal gyrus GM (n = 30,179,714). Additionally, the left fusiform gyrus
GM (n = 27,159,630), and the hippocampus/amygdala complex (n =
26,157,626) appeared sensitive to provide low sample sizes over 2year follow-up for all variants. On a single group level, the left inferior frontal gyrus (GM), left superior temporal gyrus (GM), left striatum, and left caudate were the best indicators to control for therapeutic effects in nfvPPA 1-year follow-up. Beside the left superior, middle,
and inferior temporal gyrus (GM), the hippocampus/amygdala complex,
left insula, and the left fusiform gyrus (GM) appeared specifically sensitive for svPPA. Likewise, in lvPPA the left superior, middle, inferior temporal, and fusiform gyrus (GM) as well as the hippocampus/amygdala
complex produced feasible estimates.

ican study.28 Methodologically, we also used an LME model to determine atrophy progression in PPA groups compared to healthy controls
corrected for timepoint of measurement and stabilized for age and
sex. However, we based our sample size calculation on effective volume decline as we present a fairly solid sample and consecutively conducted examinations exclusively. Differing sample size indications may
be due to technical aspects assuming that ABV allows examining the
whole brain in a more comprehensive manner. Moreover, as it becomes
obvious in our longitudinal volume surveillance, the underlying neurodegenerative process progresses diffusely and may vary in stage of
the disease, speed, and specific region per group, so that sample size
indications may rely on varying origins and therapeutic trials should
be planned to run for an extended period of time. Although the FTLDCDR score provided (partially) lowest numbers for sample sizes, it is
not meaningful in phrasing specific or discriminative statements and a
certain risk of interrater variability and fluctuating scores in the range
of individual disease courses complicate the review of disease progression and possible treatment effects. Therefore, MRI-based biomarkers
are due to their rater-independency, accuracy, reliability, and particularly due to their specificity, an indispensable component when planning clinical trials and their outcome measures.
While this project tried to work out significant differences between
PPA subgroups in comparison to healthy controls, we must mention

4

DISCUSSION

that patterns of atrophy reflect a high degree of congruency underlining a common path of disease progression.

This study aimed to examine atrophy progression in all three PPA sub-

Although this is a comparably large follow-up study on patients with

types with the help of MRI and automated ABV. Already at baseline,

PPA, a limitation is the still small and unbalanced sample size. More-

all PPA subgroups differed significantly from healthy controls with

over, assessing very small unities volumetrically may generate key fig-

most pronounced volume reduction in the left ventrolateral prefrontal

ures that are more prone to over- or underestimation than those of

area for nfvPPA, the left temporal lobe, and hippocampus/amygdala

larger compartments. Further studies considering a detailed analysis of

complex for svPPA, and the left temporal and temporoparietal region

the brain without a priori defined regions would be desirable. Method-

for lvPPA. Follow-up measures over 1 and 2 year(s) revealed fur-

ologically, as the FTLD consortium study is still ongoing, we waived

ther atrophy progression in primarily affected areas in nfvPPA and

applying a longitudinal pipeline39,40 until all data sets per patient are

svPPA and a more widespread pattern in lvPPA. In detailed regions,

available. However, current results justify confidence relating recon-

we found atrophy progression amounts above that reported in other

naissance and implementation of potential therapies in all three PPA

studies.13,15,16,22–24 However, when observing greater entities such as

variants.

the frontal or temporal lobe as a whole, rates were comparable. Espe-

To conclude, our results show high atrophy rates both at baseline

cially in svPPA brain atrophy was more pronounced at baseline and

and for follow-up measures for all three PPA subgroups. Based on lon-

in follow-up measures. First, this may be due to the fact that patients

gitudinal volume change calculations, identified cohort sizes of n = 30

with svPPA are reported to contact medical care at later stages of the

per variant prove a therapeutic effect of 50% within 1-year follow-up.

disease as symptoms appear insidious. Second, atrophy progression

With such a number per group double blind therapeutic trials promis-

in svPPA occurs particularly limited to certain and primarily affected

ing a high effect are becoming feasible.

loci with restricted spreading, as our data imply. In contrast, in lvPPA,
atrophy patterns at baseline and within 2-year follow-up represented
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Atrophy rates and sample size calculation for selected brain regions per PPA group

Frontal lobe R

nfvPPA

Region
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Abbreviations: FTLD-CDR, Frontotemporal-specific Clinical Dementia Rating; GM, gray matter; L, left; MMSE, Mini-Mental State Examination; R, right; WBV, whole brain volume.
Note: Sample size calculation for a 50% to 10% treatment effect based on the mean atrophy rate per group per brain region within 1-/2-year follow-up (baseline to V2 [V1-2] or baseline to V3 [V1-3]).
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