
Supplementary Information for “Bucket Fuser: statistical signal

extraction for 1D 1H NMR metabolomics data”

1 Current GCKD Investigators and Collaborators with the GCKD
Study

University of Erlangen: Kai-Uwe Eckardt, Heike Meiselbach, Markus P. Schneider, Mario Schiffer, Hans-
Ulrich Prokosch, Barbara Bärthlein, Andreas Beck, André Reis, Arif B. Ekici, Susanne Becker, Dinah Becker-
Grosspitsch, Ulrike Alberth-Schmidt, Birgit Hausknecht, Anke Weigel;
University of Freiburg: Gerd Walz, Anna Köttgen, Ulla T. Schultheiß, Fruzsina Kotsis, Simone Meder, Erna
Mitsch, Ursula Reinhard;
RWTH Aachen University: Jürgen Floege, Turgay Saritas;
Charité, University Medicine Berlin: Elke Schaeffner, Seema Baid-Agrawal, Kerstin Theisen;
Hannover Medical School: Hermann Haller, Jan Menne;
University of Heidelberg: Martin Zeier, Claudia Sommerer, Johanna Theilinger;
University of Jena: Gunter Wolf, Martin Busch, Rainer Paul;
Ludwig-Maximilians University of München: Thomas Sitter;
University of Würzburg: Christoph Wanner, Vera Krane, Antje Börner-Klein, Britta Bauer;
Medical University of Innsbruck, Division of Genetic Epidemiology: Florian Kronenberg, Julia Raschenberger,
Barbara Kollerits, Lukas Forer, Sebastian Schönherr, Hansi Weissensteiner;
University of Regensburg, Institute of Functional Genomics: Peter Oefner, Wolfram Gronwald;
Institute of Medical Biometry, Informatics and Epidemiology, Medical Faculty, University of Bonn: Matthias
Schmid, Jennifer Nadal.

2 The Python implementation of the Bucket Fuser algorithm

The Python implementation of the Bucket Fuser algorithm and a comprehensive tutorial are available in sup-
plementary file S1.

3 Supplementary Tables

1



Table S1: Spearman’s correlations to absolutely quantified metabolite concentrations for BF with λ = 1, BF
with λ = 2.5, BF with λ = 5, JBA, SRV, and equidistant binnings with bin sizes 0.01 ppm and 0.02 ppm.
Here, 3-HB = 3-hydroxybutyrate. Further provided are the spectral positions of the bins with largest absolute
Spearman’s correlation coefficients and the corresponding metabolite identities.
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Table S2: Number of metabolite features extracted from 1D 1H NMR spectra of (a) urinary and (b) plasma AKI
data sets for different binning approaches. aNumber of bins after exclusion of 21 bins corresponding to filter
residues and free EDTA. bNumber of bins after exclusion of 16 bins corresponding to filter residues and free
EDTA. cNumber of bins after exclusion of 29 bins corresponding to filter residues and free EDTA. dNumber of
bins after exclusion of 12 bins corresponding to filter residues and free EDTA. eNumber of bins after exclusion of
28 bins corresponding to filter residues and free EDTA. fNumber of bins after exclusion of 12 bins corresponding
to filter residues and free EDTA. gNumber of bins after exclusion of 20 bins corresponding to filter residues
and free EDTA. hNumber of bins after exclusion of 36 bins corresponding to filter residues and free EDTA.
iNumber of bins after exclusion of 28 bins corresponding to filter residues and free EDTA. jNumber of bins
after exclusion of 15 bins corresponding to filter residues and free EDTA.
(a) Urinary AKI data set.

BF (λ = 1)
plateaus

BF (λ = 1)
non-plateaus

BF (λ = 2.5)
plateaus

BF (λ = 2.5)
non-plateaus

BF (λ = 5)
plateaus

BF (λ = 5)
non-plateaus

SRV JBA EB
(0.01 ppm)

EB
(0.02 ppm)

No. regions 180 268 498 383 574 309 585 731 700 350
(b) Plasma AKI data set.

BF (λ = 1)
plateaus

BF (λ = 1)
non-plateaus

BF (λ = 2.5)
plateaus

BF (λ = 2.5)
non-plateaus

BF (λ = 5)
plateaus

BF (λ = 5)
non-plateaus

SRV JBA EB
(0.01 ppm)

EB
(0.02 ppm)

No. regions 333a 273b 503c 249d 723e 224f 533g 520h 712i 355j
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4 Supplementary Figures

Figure S1: Exemplary NMR spectral regions ranging from 4 ppm to 3.5 ppm together with their corresponding
BF fits for λ = 1. The Figure can be understood analogous to Figure 1a and b in the main article.
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Figure S2: Average plateau widths versus the number of training samples for λ = 1 (dotted line), λ = 2.5
(dashed line), λ = 5 (solid line) in the GCKD data set. The error bars indicate the 25% to 75% percentiles and
the dots the corresponding median values across 50 simulation runs.
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Figure S3: Comparison of the integrals of spectral features constructed by the Bucket Fuser (BF) using λ = 1
with absolutely quantified metabolite concentrations for 25 metabolites. The x -axis gives the spectral intensities
returned by the Bucket Fuser which correlate best with the absolute concentrations shown on the y-axis. The
headings indicate the investigated metabolites, followed by Spearman’s correlation, and the selected spectral
region from the BF binning in ppm. Abbr.: TMAO, trimethylamine-N-oxide.
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Figure S4: Comparison of the integrals of spectral features constructed by the Bucket Fuser (BF) using λ = 2.5
with absolutely quantified metabolite concentrations for 25 metabolites. The x -axis gives the spectral intensities
returned by the Bucket Fuser which correlate best with the absolute concentrations shown on the y-axis. The
headings indicate the investigated metabolites, followed by Spearman’s correlation, and the selected spectral
region from the BF binning in ppm. Abbr.: TMAO, trimethylamine-N-oxide.
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Figure S5: Comparison of the integrals of spectral features constructed by the Bucket Fuser (BF) using λ = 5
with absolutely quantified metabolite concentrations for 25 metabolites. The x -axis gives the spectral intensities
returned by the Bucket Fuser which correlate best with the absolute concentrations shown on the y-axis. The
headings indicate the investigated metabolites, followed by Spearman’s correlation, and the selected spectral
region from the BF binning in ppm. Abbr.: TMAO, trimethylamine-N-oxide.
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Figure S6: Comparison of the integrals of spectral features constructed by JBA with absolutely quantified
metabolite concentrations for 25 metabolites. The x -axis gives the spectral intensities returned by JBA which
correlate best with the absolute concentrations shown on the y-axis. The headings indicate the investigated
metabolites, followed by Spearman’s correlation, and the selected spectral region in ppm. Abbr.: TMAO,
trimethylamine-N-oxide.
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Figure S7: Comparison of the integrals of spectral features constructed by SRV with absolutely quantified
metabolite concentrations for 25 metabolites. The x -axis gives the spectral intensities returned by the Bucket
Fuser which correlate best with the absolute concentrations shown on the y-axis. The headings indicate the
investigated metabolites, followed by Spearman’s correlation, and the selected spectral region from the BF
binning in ppm. Abbr.: TMAO, trimethylamine-N-oxide.
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Figure S8: Comparison of the integrals of spectral features from an equidistant binning (bin size = 0.01 ppm)
with absolutely quantified metabolite concentrations for 25 metabolites. The x -axis gives the spectral intensities
returned by the binning which correlate best with the absolute concentrations shown on the y-axis. The headings
indicate the investigated metabolites, followed by Spearman’s correlation, and the selected spectral region in
ppm. Abbr.: TMAO, trimethylamine-N-oxide.
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Figure S9: Comparison of the integrals of spectral features from an equidistant binning (bin size = 0.02 ppm)
with absolutely quantified metabolite concentrations for 25 metabolites. The x -axis gives the spectral intensities
returned by the binning which correlate best with the absolute concentrations shown on the y-axis. The headings
indicate the investigated metabolites, followed by Spearman’s correlation, and the selected spectral region in
ppm. Abbr.: TMAO, trimethylamine-N-oxide.
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Figure S10: Exemplary NMR spectral region from 3.29 to 3.25 ppm, comprising metabolite signals of D-glucose,
betaine, trimethylamine-N-oxide, and myo-inositol. One exemplary GCKD NMR spectrum is shown in black,
reference spectra of the pure compounds D-glucose, betaine, trimethylamine-N-oxide, and myo-inositol manually
fitted to the GCKD NMR spectrum, are shown in blue, light green, red, and dark green, respectively.

13



0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

3−Hydroxybutyrate

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Acetate

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Acetoacetate

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Acetone

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Alanine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Asparagine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Betaine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Carnitine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Creatine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Creatinine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Dimethylamine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Glucose

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Glutamine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Glycine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Histidine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Isobutyrate

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Isoleucine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Lactate

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Phenylalanine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Proline

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Pyruvate

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Threonine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

TMAO

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Tyrosine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Valine

no. training samples

co
rr

el
at

io
n

5 10 20 40 80 160

Figure S11: Spearman’s correlations between absolutely quantified metabolite concentrations and integrals of
corresponding spectral features from different binning approaches in dependence of the number of training sam-
ples n for 25 absolutely quantified metabolites in the GCKD data set. The points give the median Spearman’s
correlation obtained on test data and the whiskers the corresponding 25% and 75% quartiles. The dotted,
dashed, and solid blue lines correspond to BF with λ = 1, λ = 2.5, and λ = 5, respectively, the solid red line to
JBA. The metabolite identity is given in the header of the plots. Abbr.: TMAO, trimethylamine-N-oxide.
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Figure S12: Spearman’s correlations between absolutely quantified metabolite concentrations and integrals of
corresponding spectral features from different binning approaches in dependence of the number of training sam-
ples n for 25 absolutely quantified metabolites in the GCKD data set. The points give the median Spearman’s
correlation obtained on test data and the whiskers the corresponding 25% and 75% quartiles. The solid purple
lines correspond to SRV and the green solid and dashed lines to an equidistant binning with bin size 0.01
ppm and 0.02 ppm, respectively. The metabolite identity is given in the header of the plots. Abbr.: TMAO,
trimethylamine-N-oxide.

15



0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.0

BF (λ = 1)

p−value

D
en

si
ty

0
3

6
9

a

0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.0

BF (λ = 2.5)

p−value

D
en

si
ty

0
3

6
9

b

0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.0

BF (λ = 5)

p−value

D
en

si
ty

0
3

6
9

c

0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.0

JBA

p−value

D
en

si
ty

0
3

6
9

d

0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.0

SRV

p−value

D
en

si
ty

0
3

6
9

e

0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.0

Equi. bin. (0.01 ppm)

p−value

D
en

si
ty

0
3

6
9

f

0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.0

Equi. bin. (0.02 ppm)

p−value

D
en

si
ty

0
3

6
9

g

Figure S13: P -value distributions for the comparison AKI versus non-AKI after cardiac surgery based on
permuted urine data. Figure (a) to (g) correspond to the different binning approaches, BF with λ = 1, BF with
λ = 2.5, BF with λ = 5, JBA, SRV, equidistant binning with bin size 0.01 ppm, and equidistant binning with
bin size 0.02 ppm, respectively. For the BF method, the same color coding as, e.g., in Figure 1 was applied.
Please note that light green bars correspond to the overlap of cyan and yellow bars.
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Figure S14: P -value distributions for the comparison AKI versus non-AKI after cardiac surgery based on
permuted plasma data. Figure (a) to (g) correspond to the different binning approaches, BF with λ = 1, BF
with λ = 2.5, BF with λ = 5, JBA, SRV, equidistant binning with bin size 0.01 ppm, and equidistant binning
with bin size 0.02 ppm, respectively. For the BF method, the same color coding as, e.g., in Figure 1 was applied.
Please note that light green bars correspond to the overlap of cyan and yellow bars.
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Figure S15: Hyper-parameter calibration of binomial zero-sum regression for the plasma AKI data set. Figures
correspond to BF (λ = 1) (a), BF (λ = 2.5) (b), BF (λ = 5) (c), JBA (d), SRV (e), EB (0.01 ppm) (f), and
EB (0.02 ppm) (g). The x-axis gives log(λ) corresponding to the size of the l1 regularization term of zero-sum
regression (not to be confused with the BF regularization) and the y-axis gives the binomial deviance in a
leave-one-out cross validation. The values at the top of the figures give the number of selected NMR features.
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Figure S16: Hyper-parameter calibration of binomial zero-sum regression for the urinary AKI data set. Figures
correspond to BF (λ = 1) (a), BF (λ = 2.5) (b), BF (λ = 5) (c), JBA (d), SRV (e), EB (0.01 ppm) (f), and
EB (0.02 ppm) (g). The x-axis gives log(λ) corresponding to the size of the l1 regularization term of zero-sum
regression (not to be confused with the BF regularization) and the y-axis gives the binomial deviance in a
leave-one-out cross validation. The values at the top of the figures give the number of selected NMR features.
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5 Relationship between the choice of logarithmic base and the reg-
ularization parameter λ

Data values on a logarithmic scale with base b can be translated to base b′ by

logb(yij) =
logb′(yij)

logb′(b)
.

With Yij = logb(yij), Y
′
ij = logb′(yij) and c = logb′(b), we obtain

Yij =
1

logb′(b)
Y ′
ij =

1

c
Y ′
ij .

Therefore, Eq. (1) from the main manuscript becomes

B̂ = arg min
B

||Y −B||2F + λ
√
n

p−1∑
j=1

||B·j −B·j+1||2


= arg min

B

||1
c
Y ′ −B||2F + λ

√
n

p−1∑
j=1

||B·j −B·j+1||2


= arg min

B

||Y ′ − cB||2F + c2λ
√
n

p−1∑
j=1

||B·j −B·j+1||2


= arg min

B

||Y ′ − cB||2F + cλ
√
n

p−1∑
j=1

||cB·j − cB·j+1||2


(S1)

Thus, an estimate of B′ which corresponds to the input data Y ′ can be obtained via

B̂′ = arg min
B

||Y ′ −B′||2F + λ′√n

p−1∑
j=1

||B′
·j −B′

·j+1||2


(S2)

with λ′ = cλ = logb′(b)λ. As outlined in the main manuscript, regularization values of λ = {1, 2.5, 5} performed
well given the specific input data (of given resolution and quality) and that the data were log2 transformed.
If data are provided using a different logarithmic base, a re-adjustment of regularization parameters might be
necessary. In our case this suggests λ′ = log10(2){1, 2.5, 5} = {0.301, 0.753, 1.505} for log10-transformed data.
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6 Convergence analyses of the BF algorithm

We confirmed the convergence of the BF algorithm for different step sizes ρ (Suppl. Fig. S17) and evaluated
respective residuals between model fits (Suppl. Fig. S18) on the GCKD plasma data set. Details are summarized
in the figure captions.
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Figure S17: Losses (y-axis) versus iteration steps (x-axis). The left column corresponds to the Bucket Fuser
optimization using data in the spectral region from 9.5 to 6.0 ppm and the right column to the region from 4.5
to 0.5 ppm. The rows correspond to different regularization parameters λ; λ = 1 (first row), λ = 2.5 (second
row), λ = 5 (third row). The colors correspond to different step sizes ρ; ρ = 10 (black circles), ρ = 20 (red
circles), and ρ = 30 (blue circles).
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Figure S18: Residuals between different estimates of B using step sizes of ρ ∈ {10, 20, 30}. The sub-figures
correspond to Fig. S17; input data from 9.5 to 6.0 ppm (left column), input data from 4.5 to 0.5 ppm (right
column), λ = 1 (first row), λ = 2.5 (second row), λ = 5 (third row). The boxplots represent from left to right
the residuals B(ρ = 10) − B(ρ = 20), B(ρ = 10) − B(ρ = 30), and B(ρ = 20) − B(ρ = 30) in each of the
subplots.
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