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Abstract

Objectives—The combination of high YKL-40 (a glial inflammatory marker) and low sAPPβ (a 

soluble β fragment of amyloid precursor protein) in cerebrospinal fluid (CSF) has been associated 

with frontotemporal lobar degeneration (FTLD) in clinical series. We investigate these biomarkers 

in a neuropathologically confirmed cohort of patients with FTLD.

Methods—CSF samples were selected from the Penn FTD Center (University of Pennsylvania). 

Participants were followed to autopsy and had a neuropathological diagnosis of FTLD-Tau (n=24), 

transactive response DNA-binding protein with 43 kDa (FTLD-TDP) (n=25) or Alzheimer’s 

disease (AD, n=97). We compared levels of YKL-40 and sAPPβ between groups and with 

cognitively normal controls (n=77), and assessed their diagnostic utility using receiver operating 

characteristic curves. We also investigated the effect of AD copathology and the correlation 

between these CSF markers and tau burden at autopsy.
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Results—Both FTLD groups had lower levels of sAPPβ, higher levels of YKL-40 and lower 

sAPPβ:YKL-40 ratio in CSF compared with controls. The group of pure FTLD-Tau (without AD 

copathology) showed higher levels of YKL-40 than AD and than pure FTLD-TDP. YKL-40 levels 

correlated with pathological tau burden. The sAPPβ:YKL-40 ratio had an area under the curve 

(AUC) of 0.91 (95% CI 0.86 to 0.96) to distinguish subjects with FTLD from controls, but lower 

values to distinguish FTLD from AD (AUC 0.70; 95% CI 0.61 to 0.79) and to discriminate FTLD-

Tau from FTLD-TDP (AUC 0.67; 95% CI 0.51 to 0.82).

Conclusions—Our study provides pathological confirmation that the combination of low sAPPβ 
and high YKL-40 in CSF is associated with FTLD. These biomarkers could be useful in particular 

clinical settings when FTLD is suspected.

INTRODUCTION

Frontotemporal lobar degeneration (FTLD) is a pathological and genetically heterogeneous 

disorder that leads to neurodegeneration in frontal and temporal regions. Patients with FTLD 

can present different clinical syndromes typically affecting language and/or behaviour. 

Patients with FTLD harbour either deposits of tau, TDP-43 or fused in sarcoma (FUS),1–3 

but in most cases the specific underlying proteinopathy cannot be ascertained in vivo. Thus, 

patients with different clinical syndromes may show identical neuropathological findings, 

and in turn a specific clinical syndrome can be the expression of more than one 

proteinopathy.2 The challenges in predicting the underlying proteinopathy are an important 

limitation for achieving an accurate diagnosis and for the development of protein-specific 

therapeutic approaches. In addition, some patients with FTLD might present with subtle or 

very slowly progressive behavioural symptoms.24 The development of biomarkers to 

distinguish these patients from others with psychiatric non-neurodegenerative conditions is a 

relevant area of research.

Cerebrospinal fluid (CSF) biomarkers provide an opportunity to measure changes in vivo 

that may reflect pathophysiological events in the brain. In Alzheimer’s disease (AD), the use 

of CSF biomarkers has dramatically improved the accuracy of the diagnosis.56 In FTLD, 

however, there is a lack of well-established diagnostic markers in CSF.7 Core AD 

biomarkers (Aβ42, t-tau and p-tau) are being used in FTLD-related syndromes to exclude 

AD8, but specific markers of FTLD are also needed. Unfortunately, many biomarker studies 

in FTLD-related syndromes may be confounded by co-occurring secondary AD pathology, 

and the impact of this concomitant pathology on biomarker levels is not usually assessed.9 

Neurofilament light levels have been shown to be increased in FTLD but also in AD, 

indicating lack of disease specificity. Levels in CSF of the astroglial marker of inflammation 

YKL-40 are higher in different neurodegenerative diseases than in controls, without disease 

specificity.10–12 Other studies have described low CSF levels of markers of the amyloid 

precursor protein (APP) processing in patients with FTLD compared with those of patients 

with AD and controls.1013–16 In previous studies, we found that the combination of sAPPβ 
(the soluble β fragment of APP) and YKL-40 was consistently associated with FTLD-

related clinical syndromes in a clinical cohort.1016 In the present study, we investigate this 

biomarker profile in antemortem CSF samples obtained from a neuropathologically 
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confirmed cohort of patients with FTLD accounting for the presence of comorbid AD 

pathology.

METHODS

CSF samples

A total of 223 antemortem CSF samples obtained between 1992 and 2015 were selected 

from the Penn FTD Center at the University of Pennsylvania (Philadelphia, USA).1718 

Preanalytical processing details can be found elsewhere.17 Subjects were followed to 

autopsy and had a neuropathological diagnosis of FTLD-Tau (n=24), FTLD-TDP (n=25) or 

AD (n=97) ( figure1). We also analysed CSF samples from 77 cognitively normal controls 

that were recruited from the community and were screened by obtaining medical history and 

reviewing their medications. Cognitively normal controls self-reported a negative 

neurological and psychiatric history and were screened to have cognition within normal 

limits (Mini-Mental State Examination >27). CSF samples from patients and controls were 

processed in the same way.

Neuropathological classification and quantification of tau burden

Neuropathological diagnosis was established following previously described methods and 

international published criteria.18–22 Patients with a primary neuropathological diagnosis of 

Pick’s disease, corticobasal degeneration, progressive supranuclear palsy, argyrophilic grain 

disease or non-classifiable non-AD tauopathies were classified as FTLD-Tau. Tau burden 

was measured digitally and in a validated parametric manner in grey and white matter of 

three different areas (mid-frontal cortex, angular gyrus and anterior cingulate gyrus) as the 

percentage of area that contained tau deposits, as previously described.1820 A global 

measure of tau burden was obtained as the sum of these three values. Patients with FTLD 

with TDP-43 inclusions were classified as FTLD-TDP According to the location and type of 

TDP-43 inclusions, these patients were subsequently classified as type A, B or C, following 

consensus criteria.23

A subset of patients with FTLD-Tau (n=20/24) and FTLD-TDP (n = 18/25) had a 

neurofibrillary tangle score of B0 or B1 in the National Institute on Aging-Alzheimer’s 

Association (NIA-AA) classification,1824 and therefore had no evidence of significant AD 

copathology. This subset of patients was analysed independently in order to examine the 

levels of CSF biomarkers in cases with pure FTLD pathology excluding the effects of 

comorbid AD pathology. All patients with a neuropathological diagnosis of AD had scores 

of B2 or B3 in the NIA-AA classification.

CSF analysis

We analysed CSF levels of sAPPβ and YKL-40 at Hospital Sant Pau using commercially 

available ELISA kits (Human sAPPβ-w highly sensitive, IBL, Gunma, Japan; and 

MicroVue, Quidel, San Diego, California, USA, respectively) and following previously 

reported methods.101625 Samples were randomised according to diagnosis across plates to 

minimise the effects of run-to-run variation. Samples were analysed in duplicates in a total 
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of seven plates for each assay. Mean intra-assay and interassay coefficients of variation were 

3.7% and 4.3% for sAPPβ and 3.1% and 6.9% for YKL-40, respectively.

Statistical analysis

We assessed normality of the variables using the Kolmogorov-Smirnov test. sAPPβ and the 

sAPPβ :YKL-40 ratio were log-transformed to achieve a normal distribution for further 

bivariate and multivariate analyses. We used the χ2 test to assess differences in sex, and 

analysis of variance for age, education, age at death, time interval from symptom onset to 

CSF collection and time interval from symptom onset to death. To minimise the influence of 

possible outliers and heterogeneity of variances, we used robust linear models followed by 

weighted least squares analysis of covariance, including age and sex as covariates. All p 

values were corrected for multiple comparisons using Tukey’s ‘Honest Significant 

Differences’ post-hoc test. We assessed the diagnostic utility of CSF biomarkers using 

receiver operating characteristic (ROC) curves. We used the ‘DeLong’ method to compare 

ROC curves. We used ‘MASS’ and ‘pROC’ packages from the R statistical software 

(V3.3.2) for statistical analyses.

RESULTS

Demographics and clinical data

Table 1 shows the demographic and clinical data of the subjects according to their final 

neuropathological diagnosis. The FTLD-Tau group had higher proportion of male (p = 

0.004). There were differences between groups in age at death, time interval from symptom 

onset to death, and time interval between CSF sampling and death. Therefore, sex and age at 

CSF collection were included as covariates in all biomarker statistical analysis.

In the FTLD group, there was no association between CSF biomarkers and time interval 

between onset and CSF sampling, or between CSF sampling and death. In the AD group, we 

found small yet significant direct associations of sAPPβ levels and of the sAPPβ:YKL-40 

ratio with the time interval between onset and CSF sampling (adjusted r2 = 0.05, p = 0.06 

and adjusted r2 = 0.11, p = 0.002, respectively) and with time from CSF sampling to death 

(adjusted r2 = 0.17, p = 0.013 and adjusted r2 = 0.20, p = 0.002, respectively).

Patients with FTLD have lower levels of sAPPβ and higher levels of YKL-40 in CsF than 
controls

As displayed in figure 2, there were differences in the levels of sAPPp (F(3,217) = 6.73; 

p<0.001), YKL-40 (F(3,217) = 18.12; p<0.001) and the sAPPβ:YKL-40 ratio (F3,217)=24.74; 

p<0.001) between groups. In the post-hoc analysis, patients with FTLD-Tau and FTLD-TDP 

showed lower levels of sAPPβ, and each patient group (FTLD-Tau, FTLD-TDP and AD) 

showed higher levels of YKL-40 and lower sAPPβ:YKL-40 ratios compared with controls. 

The levels of YKL-40 in the FTLD-Tau group were higher than those in AD, but no 

significant differences were found between the FTLD-TDP and AD groups or between 

FTLD-Tau and FTLD-TDP groups. The sAPPβ:YKL-40 ratio was lower in both FTLD 

groups compared with controls and compared with the AD group. We found no differences 

in the levels of sAPPβ, YKL-40 or their ratio between TDP subtypes or between tau 
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subtypes (table 2). We did not find differences in any biomarker between patients with 

mutations and patients without mutations (data not shown).

Relationship of sAPPβ and YKL-40 with tau protein aggregates in FTLD

In the FTLD group, after adjusting by age and sex, YKL-40 levels in CSF (but not sAPPβ or 

the sAPPβ:YKL-40 ratio) showed a weak direct correlation with pathological tau burden in 

the mid-frontal cortex (r2 = 0.18; p = 0.02), angular gyrus (r2 = 0.19; p = 0.02), anterior 

cingulate gyrus (r2 = 0.15; p = 0.05) and the global measure of tau burden (r2 = 0.18; p = 

0.03;). These results did not change significantly after excluding one high value of YKL-40 

that could be considered an outlier. These correlations were non-significant when FTLD-

TDP and FTLD-Tau were analysed separately.

Influence of Ad copathology

To explore the effects of incidental AD copathology on biomarker results, we repeated the 

analysis in the subgroup of patients with FTLD who had no significant AD pathology, 

defined by a neuro fibrillary tangle score of B0 or B1 in the NIA-AA classification (figure 

2). Similar to the results found in the whole sample, there were differences in the levels of 

sAPPβ (F(3,206) = 6.17; p<0.001), YKL-40 (F(3,206)=20.49; p<0.001) and the 

sAPPβ:YKL-40 ratio (F(3,206)=22.38; p<0.001) between groups. The groups of patients with 

pure FTLD-Tau and pure FTLD-TDP showed lower levels of sAPPβ compared with 

controls. The group of pure FTLD-Tau showed higher levels of YKL-40, compared with AD 

and compared with the group of pure FTLD-TDP. Both FTLD-Tau and FTLD-TDP groups 

had lower sAPPβ:YKL-40 ratios compared with controls, and in this subset only those with 

FTLD-Tau were significantly lower than those in the AD group.

Diagnostic value of CSF sAPPβ and YKL-40 in FTLD

The ROC curve analyses are displayed in figure 3. Both sAPPβ and YKL-40 had an area 

under the curve (AUC) above 0.80 and the sAPPβ:YKL-40 ratio had an AUC of 0.91 (95% 

CI 0.86 to 0.96) to distinguish patients with FTLD from controls. Similar results were found 

in the subgroup with no AD copathology (table 3). An optimal cut-off point for 

sAPPp:YKL-40 ratio of 2.45 had a sensitivity and specificity above 85% to discriminate 

FTLD from controls.

The overall diagnostic accuracy of the sAPPβ :YKL-40 ratio was lower to distinguish 

patients with FTLD from patients with AD (AUC 0.70; 95% CI 0.61 to 0.79) and to 

distinguish patients with FTLD-Tau from those with FTLD-TDP pathology (AUC 0.67; 95% 

CI 0.51 to 0.82). In the subgroup with no comorbid AD pathology, the sAPPβ:YKL-40 ratio 

had an AUC of 0.71 (95% CI 0.54 to 0.88) to discriminate between FTLD-Tau and FTLD-

TDP In this subgroup, the AUC of YKL-40 to distinguish patients with FTLD-Tau from 

controls (AUC 0.91; 95% CI 0.85 to 0.97) was significantly higher compared with that to 

discriminate FTLD-TDP from controls (AUC 0.74; 95% CI 0.62 to 0.85) (D=−2.58; p = 

0.01; online supplementary material 1).

Alcolea et al. Page 5

J Neurol Neurosurg Psychiatry. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DISCUSSION

The main finding of this study is that patients with pathologically confirmed FTLD have 

higher levels of YKL-40 and lower levels of sAPPβ in CSF compared with controls. The 

combination of these biomarkers (sAPPβ :YKL-40 ratio) provides high diagnostic accuracy 

to distinguish patients with FTLD from controls. This appears to be due largely to the group 

with FTLD-Tau, where we found that CSF YKL-40 levels in patients without AD 

copathology are elevated compared with patients with FTLD-TDP and with those with AD, 

and that CSF YKL-40 levels correlate with tau burden in FTLD.

In our previous study of these CSF analytes in clinically diagnosed patients,16 we did not 

detect differences between patients with high likelihood of FTLD-Tau and patients with high 

likelihood of FTLD-TDP The present study examines these analytes in patients with 

neuropathological confirmation. It is important to note here that, in the pure FTLD group 

(after excluding patients with AD copathology), we found higher levels of YKL-40 in 

FTLD-Tau compared with FTLD-TDP This reinforces the notion that coincident 

pathologies, comorbid AD in this case, have an impact on CSF biomarkers.91826 We also 

found that, in agreement with another study,27 YKL-40 in FTLD-Tau is elevated compared 

with AD and controls.

Although YKL-40 lacks disease specificity, this marker could provide some in vivo 

information about the underlying pathology. High levels of YKL-40 might be due to the 

activation of inflammatory pathways associated to neurodegeneration.1128–30 Previous 

evidence supports this hypothesis. In human brain, YKL-40 immunoreactivity is detected in 

a subset of reactive astrocytes.28 It is also worth mentioning that YKL-40 immunoreactivity 

correlates with tau deposits in different tauopathies.28 FTLD-Tau is associated with 

significantly greater independent grey matter pathology in astrocytes and grey/white matter 

pathology oligodendrocytes.31 In the present study, we expand these data by showing a 

relationship between levels of YKL-40 in CSF and FTLD-Tau pathology. We found a mild, 

yet significant, correlation between levels of YKL-40 in CSF and the amount of regional and 

global tau pathology. The relationship between tau pathology and CSF YKL-40 is also 

supported by our observation that patients with FTLD-Tau without AD copathology had 

higher levels of YKL-40 in CSF than patients with FTLD-TDP and than patients with AD. 

Taken together, these findings support the idea that although the pathway mediated by 

YKL-40 is activated in different neurodegenerative conditions, it is particularly sensitive to 

tau aggregation.28

Likewise, low levels of sAPPβ may be informative. This could be the result of reduced 

overall APP processing or availability due to accelerated atrophy and neuronal loss in 

frontotemporal regions, which are characteristic of FTLD but also present to some extent in 

other neurodegenerative diseases such as advanced or atypical AD.1316

Our previous study reported that the combination of CSF sAPPβ with YKL-40 in clinically 

defined patients had a good diagnostic performance in a clinical setting to distinguish 

frontotemporal dementia from AD and cognitively normal controls.16 The present study 

extends these findings to patients with neuropathological confirmation. We confirm 
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differences in levels of sAPPβ, YKL-40 and the sAPPP:YKL-40 ratio in CSF between 

patients with FTLD and controls. However, diagnostic accuracy of the sAPPβ:YKL-40 ratio 

was lower to distinguish patients with FTLD from patients with AD (AUC 0.70) than in our 

previous study.16

The results of this study have clinical implications. Although the sAPPβ:YKL-40 ratio does 

not appear to be useful to distinguish TDP-43 from tau proteinopathies or to discriminate 

between patients with FTLD and AD, this marker could be useful in combination with AD 

biomarkers in patients with atypical or mild symptoms of frontotemporal dementia. For 

instance, patients with behavioural symptoms and normal AD biomarkers that have low 

sAPPβ:YKL-40 ratio in CSF would likely have FTLD pathology, whereas those with high 

sAPPβ :YKL-40 ratio would more likely correspond to psychiatric non-neurodegenerative 

conditions.16

We acknowledge that our study has some limitations. First, although CSF analytes in well-

annotated autopsy cases of these uncommon conditions are rare, we were able to analyse 

only very small groups of patients. Second, the time between CSF acquisition and death 

(and therefore neuropathological confirmation) is variable and reaches up to 10 years in 

some cases. This variability might underestimate the relationship between participants’ CSF 

biochemical signature and their final neuropathological findings. Finally, our control 

participants lack neuropathological confirmation. However, complete clinical and 

neuropsychological evaluations were performed to exclude significant medical (and 

specifically neurological) conditions in these participants.

In summary, the results of this study provide pathological confirmation of a CSF biomarker 

profile found in patients with FTLD that consists of high levels of YKL-40, low levels of 

sAPPβ and low sAPPβ:YKL-40 ratio. Although this profile is not specific of the underlying 

proteinopathy, the findings suggest that the inflammatory marker YKL-40 may be 

particularly associated with FTLD-Tau pathology, and these analytes could be clinically 

useful in particular clinical settings in combination with AD biomarkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Flow chart of participants and samples included in the study. AD, Alzheimer’s disease; CSF, 

cerebrospinal fluid; FTLD, frontotemporal lobar degeneration; MCI, mild cognitive 

impairment.
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Figure 2. 
Levels of sAPPβ, YKL–40 and the sAPPβ:YKL–40 ratio in cearbrospinal fluid across 

pathological diagnostic groups. Only statistically significant differences are displayed 

(analysis of covariance and post-hoc Tukey’s honest significant differences). All results were 

adjusted for age and sex, and correction for multiple comparisons was applied. AD, 

Alzheimer’s disease; FTLD-Tau, frontotemporal lobar degeneration-Tau; FTLD-TDP, 

frontotemporal lobar degeneration-TDP, sAPPβ, soluble β fragment of amyloid precursor 

protein.
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Figure 3. 
Receiver operating characteristic curves for the analysis of cerebrospinal fluid biomarkers’ 

diagnostic utility. All participants were included in these analyses. Values are expressed as 

AUC (95% CI). AD, Alzheimer’s disease; AUC, area under the curve; FTLD, 

frontotemporal lobar degeneration; sAPPβ, soluble β fragment of amyloid precursor protein
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Table 1

Demographics, clinical, pathological and CSF data

FTLD-Tau ftld-tdp AD Control P values*

 n 24 25 97 77

 Age at CSF collection (years) 66.9 (11.3) 66.4 (8.7) 71 (10.6) 68.2 (9) 0.06

 Female, n (%) 6 (25) 13 (52) 45 (46) 50 (65) 0.004

 Education (years) 15.6 (3.5) 15.1 (2.7) 14.8 (3.1) 16.2 (3.2) 0.05

 Age at death (years) 71.4 (12.6) 70 (9.5) 76.6 (10.6) NA 0.008

 Participants with no AD pathology (NIA-AA stage ≤B1), n 
(%) 20 (83) 18 (72) 0 NA 0.003

 Time interval, onset-CSF (years) 3.8 (2.7) 3.7 (2.7) 4.3 (2.6) NA 0.521

 Time interval, CSF-death (years) 4.5 (3.6) 3.6 (3) 5.6 (3.6) NA 0.029

 Total disease duration, onset-death (years) 8.5 (4.6) 7.2 (3.3) 9.8 (4.1) NA 0.013

 sAPPβ (ng/mL) 477.5 (120) 544.9 (239.4) 717.1 (441.6) 848.4 (381.9) <0.001

 YKL-40 (ng/mL) 299.8 (69.1) 265.6 (48.5) 268.2 (77.2) 210.3 (55.1) <0.001

 sAPPβ:YKL-40 ratio 1.67 (0.56) 2.07 (0.78) 2.77 (1.5) 4.19 (1.89) <0.001

Unless otherwise specified, results are expressed as mean (SD).

*
P values were obtained by comparing the groups of FTLD-Tau, FTLD-TDP, AD and control. Tukey’s honest significant differences post-hoc 

comparisons are detailed in figure 2. AD, Alzheimer’s disease; CSF, cerebrospinal fluid; FTLD, frontotemporal lobar degeneration; NA, not 
applicable; NIA-AA, National Institute on Aging-Alzheimer’s Association; sAPPβ, soluble β fragment of amyloid precursor protein
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Table 3

Cut-off values for sAPPβ and YKL-40 to discriminate between FTLD and cognitively normal controls and 

between FTLD and AD

 FTLD vs CN

All participants
49 FTLD vs 77 CN

No copathology
38 FTLD vs 77 CN

AUC (95% CI) Best-fit cut-off Se (%) Sp (%) AUC (95% CI) Best-fit cut-off Se (%) Sp (%)

sAPPβ 0.81 (0.73 to 
0.88)

463 ng/mL 86 51 0.82 (0.74 to 
0.90)

463 ng/mL 86 53

YKL-40 0.82 (0.74 to 
0.89)

278 ng/mL 86 53 0.83 (0.75 to 
0.90)

278 ng/mL 87 50

sAPPβ:YKL-40 ratio 0.91 (0.86 to 
0.96)

2.45 86 86 0.91 (0.86 to 
0.97)

2.45 86 87

 FTLD vs AD

All participants
49 FTLD vs 97 AD

No copathology
38 FTLD vs 97 AD

AUC (95% CI) Best-fit cut-off Se (%) Sp (%) AUC (95% CI) Best-fit cut-off Se (%) Sp (%)

sAPPβ 0.66 (0.57 to 
0.75)

393 ng/mL 85 27 0.68 (0.58 to 
0.77)

393 ng/mL 85 29

YKL-40 0.57 (0.48 to 
0.67)

336 ng/mL 85 16 0.58 (0.49 to 
0.68)

339 ng/mL 87 18

sAPPβ:YKL-40 ratio 0.70 (0.61 to 
0.79)

1.51 86 39 0.71 (0.62 to 
0.81)

1.51 86 55

 FTLD-Tau vs FTLD-TDP

All participants
24 FTLD-Tau vs 
25 FTLD-TDP

No copathology
20 FTLD-Tau vs 
18 FTLD-TDP

AUC (95% CI) Best-fit cut-off Se (%) Sp (%) AUC (95% CI) Best-fit cut-off Se (%) Sp (%)

sAPPβ 0.58 (0.42 to 
0.74)

393 ng/mL 85 27 0.58 (0.39 to 
0.76)

364 ng/mL 89 20

YKL-40 0.67 (0.51 to 
0.83)

336 ng/mL 85 16 0.79 (0.63 to 
0.94)

328 ng/mL 89 30

sAPPβ:YKL-40 ratio 0.67 (0.51 to 
0.82)

1.51 86 39 0.71 (0.54 to 
0.88)

1.28 89 35

Best-fit cut-off values were obtained for sAPPβ, YKL-40 and the sAPPβ:YKL-40. Specificity was optimised for a sensitivity level of at least 85%. 
AD, Alzheimer’s disease; AUC, area under the curve; CN, cognitively normal control; FTLD, frontotemporal lobar degeneration; Se, sensitivity; 
Sp, specificity; sAPPβ, soluble ®fragment of amyloid precursor protein.
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