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Several studies have demonstrated strong agreement between rou-

tine clinical visual assessment and quantification, suggesting that

quantification approaches could support assessment by less experi-

enced readers or in challenging cases. However, all studies to date

have implemented a retrospective case collection, and challenging

cases were generally underrepresented. Methods: We included all

participants (n5 741) from the AMYPAD diagnostic and patient man-

agement study with available baseline amyloid PET quantification.

Quantification was done with the PET-only AmyPype pipeline, provid-

ing global Centiloid and regional z scores. Visual assessment was per-

formed by local readers for the entire cohort. From the total cohort,

we selected a subsample of 85 cases for which the amyloid status

based on the local reader’s visual assessment and the Centiloid clas-

sification (cutoff5 21) was discordant or that were assessed with low

confidence (i.e.,#3 on a 5-point scale) by the local reader. In addition,

concordant negative (n 5 8) and positive (n 5 8) scans across tracers

were selected. In this sample (n5 101 cases; [18F]flutemetamol, n5 48;

[18F]florbetaben, n 5 53), the visual assessments and corresponding

confidence by 5 certified independent central readers were captured

before and after disclosure of the quantification results.Results: For the

whole AMYPAD diagnostic and patient management study cohort,

overall assessment by local readers highly agreed with Centiloid status

(k 5 0.85, 92.3% agreement). This was consistently observed within

disease stages (subjective cognitive decline–plus, k 5 0.82, 92.3%

agreement; mild cognitive impairment, k 5 0.80, 89.8% agreement;

dementia, k 5 0.87, 94.6% agreement). Across all central reader

assessments in the challenging subsample, quantification of global

Centiloid and regional z scores was considered supportive of visual

reads in 70.3% and 49.3% of assessments, respectively. After disclo-

sure of the quantitative results, we observed improvement in concor-

dance across the 5 readers (baseline k 5 0.65, 65.3% agreement;

k after disclosure5 0.74, 73.3% agreement) and a significant increase

in reader confidence (baseline mean (M) 5 4.0 vs. M after disclosure

5 4.34, Wilcoxon statistic (W) 5 101,056, P , 0.001). Conclusion: In

this clinical study enriched for challenging amyloid PET cases, we dem-

onstrate the value of quantification to support visual assessment. After

disclosure, both interreader agreement and confidence showed signifi-

cant improvement. These results are important considering the arrival of

antiamyloid therapies, which used the Centiloid metric for trial inclusion
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and target engagement. Moreover, quantification could support deter-

mination of amyloid-b status with high certainty, an important factor for

treatment initiation.

Key Words: molecular imaging; neurology; visual read; Alzheimer;

Centiloid quantification; amyloid PET
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Recent advances in antiamyloid immunotherapies and their

availability in routine clinical praxis makes it essential to determine

the amyloid-b (Ab) status of potentially eligible patients with high

certainty (1). Within this context, quantifying Ab PET for routine

clinical use to support the diagnostic process of neurodegenerative

disorders has received great interest in recent years (2). Several

studies have demonstrated strong agreement between routine clini-

cal visual assessment and quantification, suggesting that quantifica-

tion approaches could support assessment by less experienced

readers or in challenging cases (3–7). However, all studies to date

have implemented a retrospective design, which did not allow

direct assessment of the impact of quantification disclosure on visu-

ally based classification of Ab status and of the confidence of the

assessment. In addition, although most previous studies have spec-

ulated on the value of quantification to support particularly chal-

lenging cases, these are generally underrepresented; hence more

detailed investigation is required to support this statement (6–8).

The 3 most comprehensive retrospective studies have illustrated

strong agreement (86%–96%) between Ab PET visual reads and

several quantification approaches across the 3 18F radiotracers

approved by the U.S. Food and Drug Administration and Euro-

pean Medicines Agency (9–11). For [18F]flutemetamol, an average

agreement of 94% between visual read and SUV ratio quantifica-

tion derived from local nonharmonized quantification pipelines

across 5 large clinical studies has been reported (6). A similar per-

centage agreement (i.e., 96.4%) has been reported for [18F]florbe-

taben, where visual read was compared with quantification across

15 software packages (7). Finally, in the arguably more real-world

IDEAS dataset, consisting mostly of [18F]florbetapir scans, 86%

concordance between visual read and Centiloid quantification

using the robust PET-only processing pipeline has been demon-

strated (12).

Centiloid quantification has been more widely implemented in

recent years, because it brings the tracer-specific SUV ratio metric

to a standardized scale, providing intuitive and across center/tracer

generalizable cut points that reflect overall Ab pathologic burden

(13). Neuropathologic studies have shown that the earliest detect-

able Ab PET signal occurs around 12 Centiloids, whereas 21–24

Centiloids best discriminates between subjects with no-to-low Ab

plaque burden and those with intermediate-to-high deposition

(14,15) and 30 Centiloids is indicative of established Ab burden

(16). Compared with visual positivity, Centiloid cutoffs generally

fall between these values, ranging roughly between 17 Centiloids

for highly experienced readers (4) and 40 Centiloids in a routine

clinical setting (17), although most consistently around 25 Centi-

loids (4,5,8,12,14). With consideration for the robustness of the

measure (18), the Centiloid metric has been widely implemented

in Alzheimer disease (AD) interventional trials. For example, leca-

nemab (Eisai) (19) and donanemab (Eli Lilly) (20) phase III trials

have implemented Centiloids as their primary target engagement

outcome and set a negativity threshold (Centiloids , 30 and 24.1,

respectively) based on this quantification unit. Moreover, in the

donanemab phase III trial, treatment was stopped if Centiloids

were below 11 in a given scan or below 25 in 2 consecutive ones.

Therefore, quantification could also be considered for the discon-

tinuation of antiamyloid treatment in future clinical routine. It is

thus key to familiarize routine clinical users with quantitative Ab

PET measures during their diagnostic work-up (5).

We aimed to determine the value of quantification in challenging

clinical Ab PET cases using a dataset covering the full diagnostic

continuum. Here, we selected participants from the AMYPAD diag-

nostic and patient management study (DPMS) (21), who underwent

Ab PET imaging as part of their diagnostic work-up (22), and we

assessed agreement between visual reads performed at each imaging

site by local readers and quantification performed centrally. For the

primary analysis, we selected a subset of challenging cases based on

the local readers and assessed the agreement among 5 independent

central readers before and after disclosure of quantitative results, as

well as the confidence in their assessments.

MATERIALS AND METHODS

Cohort

Amyloid PET scans were obtained from the AMYPAD-DPMS ran-

domized controlled trial (n 5 840), which recruited patients across

the disease continuum, including subjective cognitive decline–plus

(SCD1), mild cognitive impairment (MCI), or dementia from 8 memory

clinics across Europe. A detailed description of the baseline characteris-

tics has been described previously (21). For the current work, the final

disease stage (SCD1, MCI, or dementia) and etiologic diagnosis (AD,

non-AD, or not yet achieved) during the DPMS observation period were

used. The trial was registered with EudraCT (2017-002527-21). The

study was approved by the Swiss institutional review board (Commis-

sion Cantonale d’Ethique de la Recherche) in Geneva (2017-01408), and

all participants gave written informed consent.

Patient Selection

All participants with an available baseline Ab PET scan that

passed quality control (described below) for quantification were

included (n 5 741). From this cohort, we selected a subsample of 85 Ab

PET scans for which the amyloid status based on local reader assessment

and Centiloids (cutoff 5 21, reflecting the lower level of Centiloids that

best discriminates no-to-low and intermediate-to-high Ab burden) (14)

was discordant or that were assessed with low confidence (i.e., #3 on a

5-point scale; 1 5 low, equivocal negative or positive; 5 5 high, certain

negative or positive) by the local reader (criterion 1, n 5 38; criteria 1

and 2, n 5 21; criterion 2, n 5 26). In addition, concordant visual read

and Centiloid negative (n 5 8) and positive (n 5 8) scans across tracers

and sites to represent real-world negative and positive cases were

selected from the total cohort to balance the dataset (n 5 101; [18F]flute-

metamol, n5 48; [18F]florbetaben, n5 53).

PET Acquisition and Quantification

Scans were acquired according to the standard protocol for each

tracer, that is, [18F]florbetaben (Neuraceq; Life Molecular Imaging) or

[18F]flutemetamol (Vizamyl; GE HealthCare), starting 90 min after

injection of 350 MBq (620%) for [18F]florbetaben and 185 MBq

(610%) for [18F]flutemetamol and collected in 4 frames of 5 min each

(90–110 min after injection). PET images were processed centrally using

GE HealthCare’s AmyPype PET-only pipeline, providing global Centi-

loid (cortical target mask) and regional z scores (based on the AAL atlas;

McGill University) for 6 cortical regions of interest (frontal, anterior cin-

gulate, posterior cingulate, precuneus, lateral parietal, and lateral tempo-

ral cortex). AmyPype is an expansion of GE HealthCare’s conformit�e
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europ�eenne-marketed CortexID software, which includes a reference

population of 100 and 48 cognitively unimpaired healthy Ab-negative

controls who underwent [18F]flutemetamol or [18F]florbetaben, respec-

tively, and is used to generate regional z scores. Amyloid PET images

undergo frame-to-frame alignment and summing, and images are spatially

normalized to the standard Montreal Neurologic Institute (MNI152) space

using an adaptive template registration method (23). The whole cerebel-

lum was used as the reference region. Agreement between AmyPype

Centiloids and those obtained with the standard Centiloid pipeline has

been previously established (24). For the primary analysis, Centiloids

greater than 21 were considered the cutoff point for a positive

Ab PET scan. For illustrative purposes, scans were additionally

classified as negative (Centiloids # 10), intermediate or so-called gray

zone (10 . Centiloids , 30), and positive (Centiloids $ 30).

Researchers interested in using the AmyPype software in their own

research can request download instructions from amypype.downloads@

gehealthcare.com.

Visual Assessment

Visual assessment was performed according to established reader

guidelines: by the local readers for the total cohort and by 5 certified

independent central readers for the selected subsample. Images were

rated, together with a T1-weighted MRI scan or CT scan, as either

positive (binding in 1 or more cortical brain region unilaterally, or stria-

tum in the case of [18F]flutemetamol) or negative (predominantly white

matter uptake). In addition, regional classifications and reader confidence

for both the final and the regional visual classifications based on a

5-point Likert scale were captured. To assess the effect of quantification

disclosure on visual assessment by the 5 central readers of the subsample

of challenging cases, visual read and corresponding confidence were cap-

tured before and after disclosure of the quantification results. Readers

also stated whether Centiloid quantification or the regional z scores sup-

ported their assessment. Readers were masked to clinical information.

All subsample cohort readers received a short training session on the

AmyPype processing pipeline, Centiloid quantification anchor points

based on the review from Pemberton et al. (2), and z score quantifica-

tion. The training material can be found in Supplemental Figures 1–4

(supplemental materials are available at http://jnm.snmjournals.org).

Statistical Analysis

All analyses were performed in R Studio version 4.2.2 (R Project

for Statistical Computing). Disease stage and etiologic diagnostic

group differences in quantitative amyloid burden were assessed using

ANOVA, corrected for age and sex. Agreement metrics were assessed

using Cohen or Fleiss k, when applicable. We performed bootstrap-

ping (1,000-fold) on the Fleiss k metric to retrieve the 95% CI of the

metric and assess whether agreement showed a significant increase.

First, agreement between local readers and Centiloid quantification

status across the whole cohort and stratified by disease stage was

assessed. Next, agreement between local readers and central readers

was determined, where a majority visual read was based on the 5 read-

ers (i.e., 3/5 assessments reflected majority Ab status). Changes in

reader confidence after disclosure of quantitative results were assessed

using the Wilcoxon rank test, because the data were left-skewed.

RESULTS

The total quantitative cohort consisted of 223 (30.1%) patients

with SCD1, 258 (34.8%) patients with MCI, and 260 (35.1%)

patients with dementia. The mean age was 70.86 7.6 y, 44.8%

were women, and the average Mini-Mental State Examination

score was 25.56 4.3. Overall, 49.5% of patients were considered

visually Ab PET positive based on local reader assessment (Table 1).
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The challenging subsample included mostly MCI patients (52,

51.5%), followed by individuals with SCD1 (29, 28.7%), and finally

dementia patients (20, 19.8%). The mean age of this subpopulation

was 72.56 7.6 y, 44.6% were women, and the average Mini-Mental

State Examination score was 26.26 3.7. Overall, 57.4% of patients

were considered visually positive based on local reader assessment

(Table 2).

Quantitative Amyloid Burden Across Diagnostic Groups

Global amyloid burden expressed in Centiloids showed a stepwise

increase with disease stage (SCD1 , MCI , dementia, F 5 60.5,

P , 0.001; Table 1; Fig. 1A) and was higher in AD than in the non-

AD or not-yet-achieved etiologic diagnostic groups (F 5 411.9,

P , 0.001; Table 1; Fig. 1B). However, amyloid burden did not dif-

fer across the different clinical disease stages within etiologic groups

(Supplemental Fig. 5). Regional z scores were highest in the AD

group (all P , 0.01) but did not differ between the non-AD and the

not-yet-achieved groups.

Agreement Between Local Readers and Centiloid

Quantification

For the whole quantitative cohort (n 5 741), overall assessment

by local readers highly agreed with Centiloid status based on the

predefined cutoff of 21 (k 5 0.85, 92.3% concordance). This strong

agreement was consistently observed within disease stage, ranging

from k equal to 0.87 (94.6% agreement) for dementia cases, k equal

to 0.82 (92.3% agreement) for SCD1 cases, and k equal to 0.80

(89.8% agreement) for MCI cases (Fig. 2).

Local Versus Central Readers

For the subsample enriched with challenging cases (n 5 101),

the agreement between local and central readers was, as per study

design, low (k 5 0.21). With majority central read as the reference

standard, local readers were more inclined to classify an Ab PET

scan as negative, resulting in 29 (28.7%) false-negative cases and

12 (11.9%) false-positive cases.

Quantification Supports Visual Read of Challenging Cases

Across all 5 certified independent central reader assessments

(n 5 505), quantification of global Centiloid and regional z scores

was considered supportive of visual assessment in 70.3% and

49.3% of assessments, respectively. Figure 3 illustrates changes in

the number of positive visual assessments (0–5 as per number of

readers) before and after disclosure of quantitative results. After

disclosure of the quantitative results, we observed improvement in

concordance across the 5 readers (k before disclosure, 0.65; 95%

CI, 0.55–0.74, 65.3% agreement; k after disclosure, 0.74; 95% CI,

0.64–0.82, 73.3% agreement), which can be appreciated in the

Figure 3 postdisclosure column, where rel-

atively more cases were consistently visu-

ally negative or visually positive for all

readers, although improvement in reader

agreement did not reach statistical signifi-

cance based on the bootstrapping-derived

95% CI of the k metric. We also observed

slight improvement in agreement between

consensus read and amyloid status based

on Centiloid (k before disclosure, 0.53;

k after disclosure, 0.60). Finally, a signifi-

cant increase in reader confidence after dis-

closure of quantitative results (M before

disclosure, 4.0, vs. M after disclosure, 4.34;

W 5 101,056, P , 0.001) was observed.

Figure 3 further illustrates that reader

agreement was particularly increased for

cases with Centiloids greater than 30. None-

theless, some cases did not reach consensus

among readers or showed clear discrepancy

TABLE 2

Demographics of Challenging Subsample Cohort

Parameter SCD1 MCI Dementia Whole cohort

n 29 52 20 101

Age (y) 67.9365.7 73.876 7.2 75.406 5.9 72.476 7.2

Sex, F 10 (34.5%) 26 (50.0%) 9 (45.0%) 45 (44.6%)

MMSE 28.66 1.6 26.26 3.2 22.96 4.5 26.26 3.7

VR1 14 (48.3%) 33 (63.5%) 11 (55.0%) 58 (57.4%)

Centiloid 32.86 29.8 41.96 31.8 27.16 25.5 36.3630.4

MMSE 5 Mini-Mental State Examination; VR1 5 visual read positivity.

Data are number followed by percentage in parentheses.
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FIGURE 1. Centiloid quantification across disease stages and etiologic diagnosis. (A and B) Violin

plot shows distribution of Centiloid burden across disease stages (A) and etiologic diagnosis (B). Signif-

icant differences between groups, after correction for age and sex, are illustrated. ***P , 0.001 is false

discovery rate–detected.
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between visual assessment and Centiloid quantification, particularly

for those cases with a Centiloid value within the gray zone (Fig. 3).

Examples are illustrated and further commented on in Figure 4.

Possible Additional Value of Regional z Scores

As stated earlier, for 249 of 505 central assessments, the

regional z scores were considered helpful in addition to the global

Centiloid quantification. This was more apparent for 3 of 5 raters,

who stated the regional z scores added to their read in 74, 67, and

62 of 101 cases, compared with 24 and 22 cases for the other 2

raters. For 48 cases across central readers, more detailed comments

were provided, which suggested that the main benefit of regional z

scores was in case of a borderline scan (28/48, 58.3%), particularly

for the frontal and posterior cingulate or posterior cingulate cortex

regions, followed by the quality of the image or atrophy (8/48,

16.7%). In 8 instances (16.7%), the regional z score caused confu-

sion rather than further support of the initial visual assessment.

DISCUSSION

In the prospective DPMS, we observed excellent agreement

between local visual reads and Centiloid quantification across the

clinical continuum. In a subgroup enriched for challenging cases,

we demonstrate that improvement in reader agreement and confi-

dence can be achieved using quantification results. Although over-

all agreement between local readers and quantification is strong

and consistent across cognitive stages, approximately 11% of

scans in the AMYPAD-DPMS cohort, representative of a typical

memory clinical population, were considered challenging for vari-

ous causes, such as suboptimal scan quality, atrophy, or borderline

scan with emerging Ab pathology. In the case of the latter,

regional z scores might add support to the global Centiloid metric.

Our results suggest that quantification can support readers in

determining Ab status with high certainty, which is crucial consider-

ing the arrival of antiamyloid therapies, with their associated costs

and potential side effects. Similar to previous studies (6,12,25),

approximately 8% of AMYPAD-DPMS cases showed discordance

between local readers and Centiloid quantification. Although the

Centiloid cutoff used in the current work was at the lower end of

the range that best discriminates no-to-low and intermediate-to-

high Ab burden (14), some considerable discrepancies were observed

(Fig. 2). These examples possibly reflect misdiagnosis and could

explain some previously reported discrepancies between visual read

status and final diagnosis for this cohort (22). Even though the poten-

tial value of quantification has been previously demonstrated (3–7),

most studies probably underestimated its true impact in a real-

world scenario because of its limited value when visual assessment

yields a clear positive or negative outcome. This study evaluated

Ab PET quantification performance in a range of amyloid loads

from negative to positive (local reads) and in a subset of challeng-

ing cases in which quantification seems more beneficial, because

visual analysis alone can be insufficient or less accurate. Nonethe-

less, quantification should always be done in conjunction with

visual assessment to avoid misclassifications due to potential quan-

tification errors. For example, 1 case had a low Centiloid value but

was consistently assessed as visual read–positive by all readers

(Figs. 3 and 4, case C).

In addition to high certainty in Ab status, the extent of burden,

as expressed in Centiloid units, has clinical relevance, considering

the inclusion and discontinuation of treatment criteria implemen-

ted in 2 successful antiamyloid trials. More specifically, the leca-

nemab phase III trial defined amyloid positivity as a Centiloid
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value greater than 30, whereas donanemab used a Centiloid cutoff

of greater than 37. The real-world IDEAS study demonstrated that

around two thirds of the discordant cases were assessed as visually

positive but classified as amyloid-negative based on Centiloid (12).

In a future era of antiamyloid therapies, the adjunctive use of

quantification could avoid such false-positive patients’ being

unnecessarily medicated using regimens that potentially could last

1–2y, have no therapeutic value, and have a risk of side effects.

Although quantification is already added to the label of both radio-

tracers used in this study by the European Medicines Agency, cur-

rent U.S. Food and Drug Administration guidelines for Ab PET do

not mention the added value that quantitation could bring to reaching

high confidence and accurate determination of Ab status based on

visual reads. In addition, because the clearance rate for donanemab

was so high, the study implemented a treatment discontinuation cri-

terion, namely, when the Ab PET quantification was a Centiloid

value of less than 11 in a given scan or a Centiloid value of less than

25 in 2 consecutive scans. To what extent these specific cutoffs will

be implemented in the user criteria for lecanemab and donanemab

remains to be determined. For example, the current appropriate-use

recommendations for lecanemab (26) elude only to a “positive Ab

PET or cerebrospinal fluid result indicative of AD.” Nonetheless,

some initial results suggest a steady clearance rate of Ab, indepen-

dent of baseline amyloid burden (27). As such, future work should

investigate whether the extent of baseline Ab burden predicts neces-

sary treatment duration to achieve full Ab clearance. In such a set-

ting, quantification will not only inform on Ab status but also

optimize individual treatment plans.

A limitation of the study is that we did not repeat visual assess-

ments by local readers after disclosure of quantitative results.

Although our central readers also had different levels of experience,

this might have been ever more dispersed across the 11 onsite local

readers. In addition, we had limited data to investigate whether sub-

jects in the Centiloid gray zone would convert to Ab-positive status

at follow-up. Finally, in the current study, a Centiloid cutoff of

greater than 21 to determine Ab status was implemented to enrich

the cohort with gray-zone cases, which is somewhat lower than

found in previous studies and inclusion criteria for antiamyloid trials.

Although central readers were masked to this information, and thus

what constituted a Centiloid-based positive scan was up to the

individual reader, this does raise the ques-

tion of proper guidelines for the clinical use

of Centiloid quantification. An opinion with

regard to the clinical context of use of Cen-

tiloid quantification was recently adopted

by the Committee for Medicinal Products

for Human Use (EMADOC-1700519818-

1200791) in a publication that states that a

Centiloid threshold of greater than 30 is

reflective of established amyloid pathology

at the individual level with high certainty.

This is in line with our findings, as illustrated

in Figure 3.

CONCLUSION

In this clinical study and subsample

enriched for challenging Ab PET cases,

we demonstrate the value of quantifica-

tion to support visual assessment. After

disclosure, interreader agreement and confi-

dence showed significant improvement.

These results are important considering the arrival of antiamyloid

therapies, which use the Centiloid metric for trial inclusion and target

engagement. Moreover, quantification could support determination of

Ab status with high certainty, an important feature for treatment

initiation.
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KEY POINTS

QUESTION: Does quantification of Ab PET images support visual

assessment of this imaging biomarker in a memory clinic

population?

PERTINENT FINDINGS: In a pan-European cohort across the

clinical continuum and enriched for challenging cases in terms

of Ab PET status, we observed a significant increase in reader

agreement and confidence after disclosure of the quantitative

Ab PET results across 5 readers with varying levels of

experience.

IMPLICATIONS FOR PATIENT CARE: Achieving high certainty

of Ab PET status at the individual level is key considering

the arrival of antiamyloid therapies, which use the quantitative

Centiloid metric for trial inclusion and target engagement.
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