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Advancing the END (Enhanced Noise Discriminative)-Lasso Framework for Identifying Key Factors:

Stability Assessment, Predictive-Accuracy—Driven Refinement, and Estimation of Causal Ordering
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Abstract

We propose the END (Enhanced Noise Discriminative)-Lasso framework that simultaneously
improves predictive performance and suppresses false positives, addressing two key limitations of
our previously developed important-factor identification method, the “Lasso +Bootstrap method”:
(i) arbitrariness in setting the confidence (selection frequency) threshold and (ii) reduced reproduc-
ibility under noisy conditions. Specifically, we determine the final factor set by sequentially adding
variables in descending order of confidence and selecting the local maximum of cross-validated R>.
We then refine candidate variables by introducing Model-X knockoffs and controlling the selection
using the target false discovery rate upper bound q, and finally organize candidate causal direc-
tions by combining LINGAM with robust regression-based visualization. Applying the proposed
framework to laboratory-scale wastewater treatment data improved the predictive accuracy from
R*=0.781 to R>=0.898, enabling prioritization of microbial candidates that may directly contribute
to treatment performance. The framework is applicable not only to continuous outcomes but also
to binary response variables. Overall, the improved method is expected to contribute to solving a
wide range of societal problems beyond the wastewater treatment field.
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Ranking of microbial taxa by selection frequency computed
by Lasso + Bootstrap method (sorted in descending order)
The horizontal axis shows the rank of the explanatory
variables (microbial taxa), and the vertical axis shows the
confidence level.
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Changes in the coefficient of determination (R?) of the

linear regression model as explanatory variables are added

sequentially from the top of the ranking in Fig. 1.

The horizontal axis shows the number of explanatory vari-

ables used, and the vertical axis shows /2. We adopt k*, the

number of variables that gives a local maximum (red dot),

and define the top k*taxa as the set of important factors.
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Prediction results of the linear regression model con-
structed using the important feature set (microbial group)
corresponding to the local maximum identified in Fig. 2 as
explanatory variables.
The horizontal axis shows the observed values, and the
vertical axis shows the cross-validated predicted values.
The coefficient of determination was A2=0.781.
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Visualization of time-series predictions and contribution decomposition for the important-feature-set model.

The top panel shows the time-series trajectories of the observed values of the response variable (SCN removal) and the
values predicted by the linear regression model using the important feature set. The middle panel is a heatmap showing
between-sample variation in the explanatory variables (important microbial taxa) used in the model, displaying each taxon’s
relative abundance (values normalized within each sample). The bottom panel is a heatmap visualizing the “contribution”
of each taxon. For taxon /in sample s, the contribution is defined as contribution, S Bx(x, — X), where B, is the regression
coefficient, x, _ is the relative abundance shown in the middle panel, and x; is its mean Thus the relatlve abundances are con-
verted to dewatlons from the mean (centered) and then multiplied by the correspondlng regression coefficients. Consequently,
when the relative abundance is higher than average (x,.— x,>0), a positive B, appears as a positive contribution (blue) that
increases the predicted value, whereas a negative B, appears as a negative contribution (red) that decreases the predicted
value (when the relative abundance is lower than average, the sign is reversed). Color intensity represents the magnitude of
the absolute contribution. The font color of the microbial names on the left indicates the sign of the regression coefficient
(positive: blue; negative: brown). “Sel. freq.” is an abbreviation for selection frequency (confidence).
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R? trajectory during forward stepwise addition of candidate
factors (g=0.085).

Using the 12 candidate microbial factors extracted by
END-Lasso with g=0.085, we performed forward stepwise
feature selection by adding one factor at a time in order
from the top of the confidence (selection-frequency) rank-
ing, and evaluated the predictive performance of the linear
regression model using the coefficient of determination (/?).
The R? value increases as factors are added, reaches a
maximum at a certain point, and then decreases thereafter.
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Predicted vs. observed values for the model built with seven
selected key factors.
Prediction results (scatter plot of observed vs. predicted
values) for the linear regression model constructed using
the seven factors (denovo119-denovo4907) that yield the
maximum A? in Fig. 5. The coefficient of determination was
R?2=0.898, which is substantially higher than the model
performance in the previous section (R?=0.781).
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Time-series prediction and visualization of factor contributions.

For the seven-factor model obtained in Fig. 6, the top panel shows the time-series trajectories of the observed and predicted
values of the response variable (SCN removal). The middle panel is a heatmap of the relative abundances of each explana-
tory variable (important microbial taxa), normalized within each sample, and the bottom panel is a heatmap of their contribu-
tions to the predicted values (centered explanatory-variable values x regression coefficients). The contribution calculation
and color interpretation follow the definitions in Fig. 4. “Sel. freq.” is an abbreviation for selection frequency (confidence).
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Visualization of inter-variable dependencies based on a score integrating the sign of regression coefficients and statistical
significance (robust p-values).
Each row shows the results of a multiple linear regression in which the variable in that row is treated as the response variable,
and each column represents an explanatory variable. In each row-wise regression, however, only factors located upstream
of the target variable in the hierarchy estimated by LINGAM (i.e., cells to the left of the diagonal) were included as explana-
tory variables; therefore, cells to the right of the diagonal (downstream factors) are outside the scope of evaluation and are
shown in white. To simultaneously represent the sign of the regression coefficient (positive/negative) and the strength of
statistical evidence, we defined the signed score? as S=sign(B)x(-log10(p,,,,,)) where B is the regression coefficient and
P.oue 1S the robust p-value. Positive relationships are expressed as positive values and negative relationships as negative
values, and larger |S| indicates stronger statistical evidence. Only pairs with p,_, . <0.05 are colored; all others are left white.
The diagonal (corresponding to self-regression) is indicated by hatching. To ensure comparability of regression coefficients,
all variables used in the analysis were standardized in advance.
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