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Background and Aims: To explore nutritional heterogeneity among patients with nontuberculous mycobacterial (NTM) pulmonary
disease by identifying nutritional phenotypes using K-means clustering, and to compare nutritional and inflammatory markers, Runyon
classification, and comorbidities across phenotypes.

Methods: A retrospective analysis of 457 patients diagnosed with NTM pulmonary disease was conducted. Nine nutritional and
inflammatory indicators were collected: body mass index (BMI), hemoglobin (HGB), lymphocyte count (LY), C-reactive protein
(CRP), prealbumin (PAB), albumin (ALB), total protein (TP), triglycerides (TG), and total cholesterol (TC). The candidate clusters
were initially evaluated using the elbow method and silhouette scores. In the absence of a distinct inflection point in the elbow method,
the solution with the highest silhouette coefficient was regarded as the most compact candidate solution. An exploratory final
clustering scheme was then determined by further incorporating bootstrap internal stability analysis and clinical interpretability.
Subsequently, nutritional and inflammatory profiles, Runyon classification (Groups I and III), and comorbidity distributions were
compared among phenotypes. Ordinal logistic regression analysis was employed to identify factors associated with nutritional
phenotype grade.

Results: Four nutritional phenotypes were identified: Healthy—Low Inflammation (24.5%), Hyperlipidemic—Well-nourished (18.8%),
Lean—Moderate Inflammation (42.5%), and Severely Emaciated—High Inflammation (14.2%). Significant differences existed in
nutritional and inflammatory markers (all P<0.001). The Severely Emaciated—High Inflammation type exhibited the lowest BMI,
HGB, ALB, and TP levels; highest CRP level; highest proportion of Runyon Group III [mainly represented by the Mycobacterium
avium complex (MAC)] infections (67.7%, P=0.011); and more severe comorbidities (malignancy, renal insufficiency; P<0.05). The
Healthy-Low Inflammation type displayed optimal nutritional profiles, highest proportion of Runyon Group I (predominated by
Mycobacterium kansasii and Mycobacterium marinum) infections (44.6%, P=0.003), and few severe comorbidities. Ordinal logistic
regression analysis demonstrated that age > 60 years, malignant tumor, respiratory diseases, and renal diseases were significantly
associated with an increased cumulative odds of progressing to a poorer nutritional phenotype grade (all P < 0.05).

Conclusion: Nutritional status in patients with NTM pulmonary disease shows significant heterogeneity closely associated with
inflammation, bacterial strain type, and comorbidities. The Severely Emaciated—High Inflammation type exhibited the most unfavor-
able nutritional-inflammatory profile, suggesting that early identification, nutritional assessment, and comprehensive intervention
should be strengthened clinically for such patients.

Keywords: nontuberculous mycobacterial pulmonary disease, nutritional phenotype, K-means clustering, Runyon classification,
malnutrition, inflammatory response
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Introduction
Nontuberculous mycobacteria (NTM) are opportunistic pathogens widely present in the environment.' With advances in
diagnostic technologies, an increasing number of immunocompromised individuals, and an aging global population, the
incidence of NTM infections has steadily risen worldwide.>” NTM can affect multiple organs, with pulmonary infection
(hereafter referred to as “NTM pulmonary disease”) being the most common and representing a significant public health
concern.* Although current guidelines recommend antibiotic therapy as the first-line treatment, the regimen is lengthy
and associated with a high relapse rate.’ This challenge stems not only from the intrinsic resistance of NTM to
conventional antimycobacterial drugs® but also from the close association with the host’s immune-metabolic status.
Nutritional status is a key regulatory factor of host immune responses and plays a critical role in the progression and
outcome of NTM pulmonary disease. Previous studies have shown that malnutrition is a significant risk factor for NTM
infection; low body mass index (BMI) is not only associated with an increased incidence of NTM but also serves as an
independent predictor of poor prognosis in affected patients.” Moreover, albumin, a commonly used biomarker of
nutritional status, has been linked to adverse outcomes in various diseases.®>® A prospective study of 207 patients with
NTM pulmonary disease indicated that hypoalbuminemia is a risk factor for disease progression.'® However, traditional
nutritional assessment tools have notable limitations. BMI does not differentiate or quantify muscle and fat

1.'? Albumin, a negative

composition,'’ and it tends to underestimate the risk of malnutrition in patients with high BM
acute-phase protein, is influenced by multiple factors such as inflammation and liver function.'> When used alone to
assess nutritional status, albumin misclassifies approximately 80% of individuals.'"* These findings highlight the
insufficiency of single indicators in accurately identifying nutritional status.

In recent years, research on NTM has primarily focused on epidemiology, pathogen identification, and optimization of
antimicrobial regimens.'>~'” However, comprehensive assessments of the host’s nutritional status remain insufficient, and
existing studies primarily rely on single indicators,'®'® lacking integrated multi-parameter analyses. Given the wide
range of nutrition-related markers, we propose the concept of “nutritional phenotypes” to enhance the evaluation of
patients’ nutritional status. In this study, we employed an unsupervised clustering analysis strategy based on multi-
dimensional nutritional indicators. K-means clustering was used to identify potential nutritional phenotypes, and
principal component analysis (PCA) was performed for result visualization, thereby providing a theoretical foundation
for precision nutrition interventions. This approach can aid in rapidly identifying high-risk patients and developing
individualized nutritional strategies, ultimately improving patients’ quality of life and reducing healthcare costs. Notably,
this study aimed to delineate nutritional-inflammatory heterogeneity within a cohort of patients with NTM pulmonary
disease, rather than constructing a discriminant model between patients and healthy individuals. Therefore, healthy
individuals were not included as controls in this study.

Materials and Methods
Clinical Data

A retrospective analysis was conducted on 512 patients hospitalized with NTM pulmonary disease at Wuxi Fifth People’s
Hospital between January 2018 and December 2024. Inclusion criteria: Patients diagnosed with NTM pulmonary disease
based on the 2020 edition of the Guidelines for the Diagnosis and Treatment of Nontuberculous Mycobacterial
Diseases.'” Exclusion criteria: 1. Patients infected with unidentified NTM species; 2. Patients with unclear treatment
regimens. 457 patients met the criteria and were included in the analysis (see Figure 1 for the enrollment flowchart). This
study was an intragroup cluster analysis focusing on the heterogeneity within a cohort of patients with NTM pulmonary
disease, and no healthy individuals were included as controls. General clinical information and laboratory test results
were collected for all participants. This study was conducted in accordance with the principles of the Declaration of
Helsinki and was approved by the Ethics Committee of our hospital [ethics number: YXKY-2025-014-01]. Since all

patients were anonymized, informed consent was not required.
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Figure | Patient enrollment flowchart.

NTM Classification and Diagnosis

The Runyon classification categorizes NTM species into four groups based on their growth temperature, growth rate,
colony morphology, pigment production, and response to light in vitro (Group I: Photochromogens; Group II:
Scotochromogens; Group III: Non- photochromogens; Group IV: Rapidly growing mycobacteria). The first three groups
are considered slow-growing mycobacteria, whereas Group IV consists of rapid-growing mycobacteria.?

The diagnosis of NTM pulmonary disease is based on clinical symptoms (such as cough, sputum production, fever,
weight loss), radiological findings (nodular or cavitary lesions in the lungs), microbiological evidence (positive sputum
culture confirmed by molecular identification of NTM species), and, when necessary, histopathological examination.
A comprehensive assessment of these factors establishes the diagnosis.'®

Laboratory Tests
General information of enrolled patients was collected, including age, sex, height, weight, comorbidities, etc. Body mass
index (BMI) was calculated as BMI = weight (kg) / height (m?).

On the second day after hospital admission, venous blood samples were collected. Complete blood count was
analyzed using the Sysmex XN9000 hematology analyzer (Hyogo, Japan). CRP, liver function, blood biochemistry,
and lipid profile were measured using the BECKMAN COULTER AUS5800 analyzer (Brea, CA, USA).

Bronchoalveolar lavage fluid (BALF) was collected via bronchoscopy. After centrifugation and enrichment, the
samples were subjected to mechanical cell lysis with the addition of 2 g of 0.5 um glass beads and an appropriate amount
of lytic enzyme. Nucleic acids were extracted using a DNA/RNA co-extraction kit (Tiangen, DP307), and purity was
assessed using a NanoDrop spectrophotometer (samples were considered acceptable only if A260/A280 > 1.8 and A260/
A230 > 2.0). Subsequently, multiplex PCR was performed to amplify the mycobacterial /6S rRNA, rpoB, and hsp65 gene
fragments for targeted sequencing library construction. After magnetic bead purification, the amplified products were
subjected to a second PCR to incorporate sequencing adapters and index sequences. Following library quality control,
sequencing was performed on the MGISEQ-200 platform using the single-end 60 bp (SE 60 bp) mode.A custom NTM
database was constructed for taxonomic annotation using publicly available mycobacterial reference sequences, primarily
integrated from representative sequences associated with the identification of clinically prevalent NTM species in the
NCBI nt, GenBank, and RefSeq databases. The database contained reference sequences for /65 ¥rRNA, rpoB, and hsp65,
which were uniformly curated according to the latest taxonomic nomenclature. Sequencing data were processed to
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remove low-quality reads, reads shorter than 60 bp, and human contaminant sequences. High-quality amplicons were
mapped to the designed target regions and aligned against the custom NTM database. For species identification,
consensus across multiple genes (similarity > 99%) and a relative abundance threshold (= 0.1%) were applied as the
criteria; drug resistance genes were analyzed simultaneously. Negative controls, positive controls, and sensitivity controls
were included throughout the detection procedure. In this study, Runyon classification was assigned based on the Runyon
group to which the detected NTM species belonged, reflecting species characteristics rather than bacterial load. For
patients with mixed infections, counts were allocated to the corresponding Runyon groups for relevant analyses.

Statistical Methods
Statistical analyses were performed using R software (version 4.2.0; http://www.R-project.org/). Unsupervised clustering

analysis, PCA visualization, and bootstrap stability analysis were performed in the Python 3.9 environment, primarily
implemented using tools such as pandas, numpy, scikit-learn, and matplotlib. Continuous variables were tested for
normality and expressed as mean + standard deviation or median (interquartile range), as appropriate. Group comparisons
were conducted using one-way analysis of variance (ANOVA) or non-parametric tests (such as the Kruskal-Wallis H-test).
Categorical variables were expressed as percentages (%) and compared using the chi-square test (x’-test) or Fisher’s exact
test. Prior to formal statistical analysis, missing value checks were performed on the 9 nutritional/inflammatory indicators
used for clustering analysis and the clinical variables involved in subsequent analyses. All relevant variables for the 457
patients ultimately included in the study were complete, so no missing value imputation was conducted.

Nutritional indicator data were standardized using Z-scores, and K-means clustering was used to identify nutritional
phenotypes. Given that all 9 indicators included were continuous clinical variables, and the study aimed to identify clinically
interpretable nutritional phenotypes in a moderate-sized sample, K-means clustering was adopted as the primary clustering
approach. K-means clustering can intuitively reflect the nutritional and inflammatory characteristics of different phenotypes
via cluster centers, facilitating subsequent phenotype naming and clinical interpretation. In comparison, hierarchical clustering
involves a certain degree of subjectivity in dendrogram cutting for the sample size of this study, whereas Gaussian mixture
models, although capable of handling more complex cluster shapes, are more sensitive to distribution assumptions and
parameter estimation. The detailed analytical procedure was performed as follows. K-means clustering was conducted on the
standardized data matrix, with pairwise sample similarity quantified using Euclidean distance, and the number of candidate
clusters was set from k = 2~9. To mitigate bias introduced by random initialization of cluster centroids, the random seed was
set to 42, and 50 random initializations were implemented. The partition yielding the minimum sum of squared errors (SSE)
was retained as the optimal solution for each given k. An elbow plot was subsequently constructed based on SSE values, and
the average silhouette score was calculated to preliminarily evaluate candidate clustering solutions. In parallel, PCA was
applied to provide two-dimensional visualization of the clustering results. In the absence of a distinct inflection point in the
elbow plot, the solution with the highest silhouette score was identified as the most compact clustering structure. In the present
study, the silhouette score was maximized at k = 2, which was thus determined as the most statistically optimal clustering
scheme. To avoid excessive simplification of nutritional-inflammatory heterogeneity across patients, the adjacent candidate
partitions of k = 3 and k = 4 were also retained for comparative analysis.

To assess the internal stability of the candidate clustering solutions, bootstrap resampling validation was conducted on
the 9 standardized nutritional/inflammatory indicators for the candidate partitions (k = 2, 3, and 4). A total of 1000
resampled datasets were generated via sampling with replacement, and K-means clustering was repeated on each
resampled dataset. Subsequently, the cluster centers derived from bootstrap resampling were applied to the full dataset
for reclassification, and the adjusted Rand index (ARI) was employed to evaluate the concordance between the resampled
clustering results and the original clustering outcomes. A higher ARI value indicates greater stability of the clustering
structure. It should be noted that PCA was utilized solely for visualization purposes and was not involved in variable
selection, cluster assignment, or the determination of the final k value. The statistical significance of differences in
clinical variables among different candidate partitions was only used to assist in interpreting their clinical relevance,
rather than serving as the primary criterion for determining the optimal k value. Considering the silhouette score,
bootstrap stability, and clinical interpretability comprehensively, k = 4 was ultimately retained as the exploratory final
clustering solution in the present study.
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In the analysis of factors related to nutritional phenotypes, the 4 nutritional phenotypes were treated as ordinal
categorical outcomes due to their clinical gradient from favorable to poor nutritional status and inflammatory levels.
Ordinal logistic regression analysis was thereby used to identify correlates of nutritional phenotype grades. Prior to
model fitting, the proportional odds assumption (such as the Brant test/parallel lines test) was used to verify model
adequacy. The model results were presented as odds ratios (OR) with 95% confidence intervals (95% CI). An OR > 1
indicated an increased cumulative odds of being classified into a poorer nutritional phenotype grade, whereas an OR < 1
indicated a decreased cumulative odds of falling into a poorer nutritional phenotype grade. All statistical tests were two-
sided, and a P-value < 0.05 was considered statistically significant for all tests.

Results
Comparison of General Characteristics and Laboratory Indicators

This was a retrospective cross-sectional study, and 457 patients were ultimately included. The mean age was 59.4 £ 15.6
years, with a slightly higher number of males than females (252 cases, 55.1% vs. 205 cases, 44.9%). The mean body
weight was 54.4 + 10.9 kg, and the mean BMI was 19.6 + 3.3 kg/m?, indicating an overall trend toward underweight
status. Among common comorbidities, respiratory diseases were the most prevalent (298 cases, 65.2%), followed by
cardiovascular disease (123 cases, 26.9%), liver disorders (87 cases, 19.0%), and malignancies (24 cases, 5.3%); diabetes
(36 cases, 7.9%) and renal disorders (9 cases, 2.0%) were relatively less common (Table 1).

Table | General Characteristics and
Laboratory Indicators of the Study Population

Variable Category Overall Results

General Demographics

Age 59.4 (15.6)
Sex
Female 205 (44.9%)
Male 252 (55.1%)
Height (cm) 166.2 (7.7)
Weight (kg) 54.4 (10.9)
BMI (kg/m?) 19.6 (3.3)
Comorbidities
Malignancy 24 (5.3%)
Respiratory disease 298 (65.2%)
Diabetes 36 (7.9%)
Cardiovascular disease 123 (26.9%)
Renal disease 9 (2.0%)
Liver disease 87 (19.0%)
Laboratory indicators
WBC (x10%/L) 5.88 (1.97)
RBC (x10'%/L) 4.17 (0.57)
HGB (g/L) 125 (18)
PLT (x10°/L) 226 (78)
LY (x10%/L) 1.37 (0.61)
CRP (mg/L) 1.48 (0.50-13.76)
ESR (mm/h) Il (6-30)
ALT (U/L) 15 (11-22)
AST (U/L) 20 (17-26)
CREA (umol/L) 61.0 (52.0-70.9)
PAB (mg/L) 207 (58)
(Continued)
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Table | (Continued).

Variable Category Overall Results
ALB (g/L) 38.5 (4.8)
TP (g/L) 67.2 (7.1)
TG (mmol/L) 1.10 (0.62)
TC (mmol/l) 4.20 (0.91)

Note: Values are presented as Mean(SD) Median (Q1-Q3) /
N(%).

Abbreviations: BMI, Body mass index; WBC, white
blood cell; RBC, red blood cell count; HGB, hemoglobin;
PLT, platelets; LY, lymphocyte count; CRP, C-reactive pro-
tein; ESR, erythrocyte sedimentation rate; ALT, alanine
aminotransferase; AST, aspartate aminotransferase;
CREA, creatinine; PAB, prealbumin; ALB, albumin; TP,
total protein; TG, Triglyceride; TC, Total cholesterol.

Laboratory results showed a median CRP level of 1.48 mg/L and a median ESR of 11 mm/h, suggesting some
patients may have mild to moderate inflammation or infection. Regarding nutritional indicators, the mean PAB was 207 +
58 mg/L, ALB was 38.5 = 4.8 g/L, and TP was 67.2 + 7.1 g/L, indicating generally low protein nutritional status. For
lipid profiles, TG was 1.10 + 0.62 mmol/L and TC was 4.20 + 0.91 mmol/L (Table 1).

Among the classifications of NTM into slow- and fast-growing types, the majority were slow-growing strains (401
cases, 87.7%), while fast-growing strains and mixed infections accounted for 10.1% and 2.2%, respectively. Based on the
Runyon classification, Group I (31.7%) and Group III (60.0%) made up the most significant proportions, whereas Group
II (0.9%) and Group IV (12.3%) were relatively uncommon. Regarding antibiotic treatment, most patients (396 cases,
86.7%) received combination therapy with two or more antibiotics. Monotherapy and observation groups accounted for
1.8% and 11.6%, respectively (see Figure 2). Further comparison of the distribution of antibiotic treatment regimens
among different nutritional phenotypes revealed no statistically significant difference (Fisher’s exact test, P = 0.801)
(Table 2), suggesting that the overall distribution of drug exposure among various phenotypes was similar in terms of
treatment regimen categories.

Selection of Indicators for Nutritional Clustering

Based on prior literature and clinical expertise, 11 nutrition/inflammation-related indicators were initially selected:
Weight, BMI, RBC, HGB, LY, CRP, PAB, ALB, TP, TG, and TC. Spearman correlation analysis (with a threshold of |
r] > 0.8) was then conducted to assess multicollinearity among variables. The results indicated strong correlations

100% f
rapid-growing: observation:

46 (10.1%) 53 (11.6%)

90%

mixed infections,

10 (2.2%) 80% monotherapy :

8 (1.8%)
70%
60%
50%
40%
30% 274 (60.0%)

20%
145 (31.7%)

10%
slow-growing: B 56 (12.3%) combination therapy:

401 (87.7%) o 4 (0.9% c 396 (86.7%)

A

| 1 " v

Figure 2 Distribution of NTM strain growth types, Runyon classification, and antibiotic treatment regimens. (A) Distribution of NTM strain types by growth rate (slow-
growing, rapid-growing, and mixed infections); (B) Proportion of NTM strains categorized by Runyon classification (Groups I-1V); (C) Antibiotic treatment strategies utilized
among patients (observation, monotherapy, and combination therapy).
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Table 2 Comparison of General Characteristics Across Four Nutritional Phenotype Clusters

Cluster 0 (n=86) | Cluster | (n=194) | Cluster 2 (n=65) | Cluster 3 (n=112) | P-value

Age 58.0 (13.4) 63.3 (14.1) 68.8 (12.0) 48.3 (15.3) <0.001
Sex <0.001

Female 46 (53.5%) 101 (52.1%) 15 (23.1%) 43 (38.4%)

Male 40 (46.5%) 93 (47.9%) 50 (76.9%) 69 (61.6%)
Malignancy 2 (2.3%) 15 (7.7%) 7 (10.8%) 0 (0.0%) 0.003
Respiratory disease 57 (66.3%) 135 (69.6%) 53 (81.5%) 53 (47.3%) <0.001
Diabetes 8 (9.3%) 10 (5.2%) 8 (12.3%) 10 (8.9%) 0.246
Cardiovascular disease | 23 (26.7%) 51 (26.3%) 28 (43.1%) 21 (18.8%) 0.006
Renal disease 1 (1.2%) 4 (2.1%) 4 (6.2%) 0 (0.0%) 0.038
Liver disease 14 (16.3%) 41 (21.1%) 17 (26.2%) 15 (13.4%) 0.143
Growth classification 0.296

Slow-growing 75 (87.2%) 169 (87.1%) 57 (87.7%) 100 (89.3%)

Rapid-growing 11 (12.8%) 22 (11.3%) 5 (7.7%) 8 (7.1%)

Mixed 0 (0.0%) 3 (1.5%) 3 (4.6%) 4 (3.6%)
Runyon classification

Group | 26 (30.2%) 47 (24.2%) 22 (33.8%) 50 (44.6%) 0.003

Group I 0 (0.0%) 2 (1.0%) 0 (0.0%) 2 (1.8%) 0.483

Group llI 51 (59.3%) 126 (64.9%) 44 (67.7%) 53 (47.3%) 0.011

Group IV 11 (12.8%) 25 (12.9%) 8 (12.3%) 12 (10.7%) 0.952
Antibiotic treatment 0.801

Observation I (12.8%) 22 (11.3%) 9 (13.8%) I (9.8%)

Monotherapy 0 (0.0%) 5 (2.6%) I (1.5%) 2 (1.8%)

Two or more drugs | 75 (87.2%) 167 (86.1%) 55 (84.6%) 99 (88.4%)

Note: Results are presented as Mean (SD) / N(%). Group comparisons of age were performed using one-way analysis of variance (ANOVA).
Categorical variables were analyzed using the chi-square (XZ) test, with Fisher’s exact test applied when expected frequencies were insufficient. The
P-values in the table represent the results of overall comparisons among the four groups.

between Weight, BMI, RBC, and HGB. Therefore, Weight and RBC were excluded to reduce redundancy. A total of 9
variables were ultimately included for clustering analysis:

e BMI: reflects body constitution or energy balance

¢ HGB: assesses hematological status or degree of anemia

e LY: indicates immune-nutritional status

e CRP: represents inflammation and acute-phase response

e PAB, ALB, TP: collectively evaluate acute and chronic protein nutritional status
e TG, TC: represent lipid metabolism status

These nine indicators are complementary and provide a multidimensional assessment of the patient’s nutritional and
inflammatory status. These variables were subsequently used for unsupervised clustering to explore potential nutritional
phenotypes.

Unsupervised Clustering of 9 Nutritional Indicators

The 9 previously selected variables (BMI, HGB, LY, CRP, PAB, ALB, TP, TG, TC) were first standardized using Z-score
transformation to identify potential nutritional phenotypes from multidimensional nutritional indicators. K-means
clustering was then performed with different numbers of clusters (k = 2 to 9), and the results were evaluated using the
elbow method (inertia) and silhouette score (silhouette) (Figure 3). The inertia value decreased continuously with
increasing k, as shown by the elbow method, but no distinct “elbow point” was observed. The silhouette score was
highest at k = 2 and declined overall as the number of clusters increased. Based on the outcomes of the elbow method and
silhouette coefficient, this study initially regarded k = 2 as the statistically optimal compact candidate solution, while
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Figure 3 Evaluation plots of the elbow method and silhouette score for different cluster numbers (k = 2-9). This figure was used for descriptive assessment of candidate
clustering schemes, and no statistical significance test was performed. (A) Elbow method evaluation based on inertia (sum of squared errors, SSE) showing changes in within-
cluster variance for different numbers of clusters. (B) Silhouette coefficient evaluation indicating cluster cohesion and separation at varying numbers of clusters.
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Figure 4 Two-dimensional PCA visualization scatter plots for different numbers of clusters (k = 2—4). These plots were only used to illustrate the distribution patterns of
different candidate clustering schemes along the first two principal components, with no additional statistical significance testing performed.

retaining the adjacent k = 3 and k = 4 as pre-specified candidate schemes. Further comparisons were conducted by
integrating bootstrap internal stability and clinical interpretability, and PCA-based scatter plots were generated to
visualize the clustering results (Figure 4).

Comparison of Candidate Clustering Schemes and Determination of the Final

Clustering Solution

Among the candidate clustering solutions (k =2, 3, and 4), k =2 achieved the highest silhouette score, indicative of a coarse-
grained clustering solution with optimal internal compactness. Further bootstrap internal validation demonstrated that the ARI for
the k =4 solution was higher than those for the k =2 and k =3 solutions (see Supplementary Figure S1), implying superior internal
stability. Notably, the k =4 clustering scheme identified four distinct subgroups characterized by divergent nutrition-inflammation
phenotypes, allowing for a more granular depiction of clinical heterogeneity compared with the k =2 solution. Of note, the

optimal k value in the present study was not determined directly according to the number of statistically significant differences in
downstream clinical variables. Comparisons of clinical characteristics in Table 2 and Supplementary Tables S1 and S2 served

only to aid interpretation of the clinical implications of each candidate clustering scheme, rather than to identify the optimal
k value. By comprehensively considering the silhouette coefficient, bootstrap-derived stability, and clinical interpretability, we
ultimately selected k = 4 as the exploratory final clustering solution. Specifically, k = 2 represented a more compact coarse
clustering solution, whereas k = 4 represented a refined clustering solution with superior stability and better clinical resolution

among all candidate solutions.
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Statistically significant differences were observed across the four nutritional phenotypes for BMI, HGB, LY, PAB,
ALB, TP, TG, and TC (all P <0.001, one-way ANOVA), as well as for CRP (P <0.001, Kruskal-Wallis H-test) (Table 3,
Figure 5). Based on the clustering results for k = 4 and the feature comparisons (Table 2 and Table 3, Figure 5), patients
were categorized into four nutrition—inflammation phenotypes, summarized as follows:

Cluster 0: Hyperlipidemic—Relatively Well-Nourished Type

Patients in this group had relatively high body weight and lipid metabolism indicators. BMI was the highest (around 22.2),
with significantly elevated serum TG and TC levels. Protein nutrition indicators such as ALB and PAB were also relatively
favorable. The median CRP level was 0.86 mg/L, and the average age was approximately 58 years, falling in the midrange
among the groups. The distribution of comorbidities was also moderate, reflecting a phenotype with decent nutritional
status but relatively elevated lipid levels.

Cluster |: Lean—Moderate Inflammation Type

This group had a relatively low BMI (around 18.7) and HGB levels. ALB and PAB were moderately low, though still
better than those in the most severely affected group. The median CRP level was 1.97 mg/L, indicating a moderate
inflammatory response. The average age was around 63 years, showing a trend toward older age, but not the highest. This
group can be characterized as having “mild to moderate malnutrition with moderate inflammation.”

Cluster 2: Severely Emaciated—High Inflammation Type

Among all groups, patients in this cluster had the lowest BMI, HGB, ALB, and PAB levels, while the median CRP was
the highest (up to 38.29 mg/L). The average age was also the highest (69 years), and multiple chronic comorbidities were
commonly present. This phenotype presents a classic “severe malnutrition with high inflammation” profile, indicating
that these patients are in the most critical condition and require more aggressive nutritional and therapeutic interventions.

Cluster 3: Healthy—Low Inflammation Type

Patients in this group had overall good nutritional status. BMI and protein nutrition levels (ALB, PAB) were normal or
slightly above normal. The median CRP level was extremely low (around 0.50 mg/L), suggesting only a mild
inflammatory response. The average age was about 48 years, making this the cluster’s youngest group. These patients
had almost no severe comorbidities such as malignancy or renal impairment, and thus can be considered a “relatively
healthy, low-inflammation” nutritional phenotype.

Meanwhile, when comparing the association between nutritional phenotypes and NTM infection subtypes, significant
overall between-group differences were observed in the infection proportion of Group I (y*-test, P = 0.003), with Cluster
3 (Healthy—Low Inflammation Type) accounting for the highest proportion (44.6%). Similarly, the overall between-group
difference in the infection proportion of Group III was statistically significant (x*-test, P = 0.011), and Cluster 2 (Severely

Table 3 Comparison of Nutritional Indicators Across Four Nutritional Phenotype Clusters

Cluster 0 (n=86) | Cluster | (n=194) | Cluster 2 (n=65) | Cluster 3 (n=112) | P-value
BMI (kg/m?) | 22.2 (3.4) 18.7 (2.9) 174 (3.2) 20.7 (2.5) <0.001
HGB (g/L) 134 (15) 121 (12) 101 (15) 137 (13) <0.001
LY (x10°/L) 1.47 (0.47) 1.18 (0.40) 0.91 (0.59) 1.91 (0.61) <0.001
CRP (mg/L) 0.86 (0.50-3.59) 1.97 (0.50-13.12) 38.29 (19.67-62.59) | 0.50 (0.50-1.24) <0.001
PAB (mg/L) 240 (41) 192 (42) 139 (56) 249 (44) <0.001
ALB (g/L) 42.1 (3.5) 37.6 (3.1) 31.7 (3.7) 41.0 (4.0) <0.001
TP (g/L) 74.1 (6.5) 66.2 (5.7) 62.6 (8.2) 66.5 (5.1) <0.001
TG (mmol/L) | 1.88 (0.86) 0.88 (0.31) 0.93 (0.38) 0.96 (0.38) <0.001
TC (mmol/L) | 4.94 (0.91) 4.02 (0.82) 3.57 (0.80) 4.31 (0.74) <0.001

Note: Values are presented as Mean(SD) Median (Q[-Q3). One-way ANOVA was used for overall between-group comparisons of BMI,
HGB, LY, PAB, ALB, TP, TG, and TC. The Kruskal-Wallis H-test was applied for overall between-group comparisons of CRP. The P-values in
the table represent the results of overall comparisons among the four groups.
Abbreviations: BMI, Body mass index; HGB, hemoglobin; LY, lymphocyte count; CRP, C-reactive protein; PAB, prealbumin; ALB, albumin;
TP, total protein; TG, Triglyceride; TC, Total cholesterol.
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Figure 5 Distribution of nutritional and inflammatory indicators among the four nutritional phenotype clusters illustrated by violin plots. Indicators include body mass index
(BMI), hemoglobin (HGB), lymphocyte count (LY), C-reactive protein (CRP), prealbumin (PAB), albumin (ALB), total protein (TP), triglyceride (TG), and total cholesterol
(TC). One-way ANOVA was used for between-group comparisons of BMI, HGB, LY, PAB, ALB, TP, TG, and TC, while the Kruskal-Wallis H-test was adopted for CRP.

Emaciated—High Inflammation Type) constituted the largest proportion (67.7%) (Table 2). These findings suggested that
distinct nutrition—inflammation phenotypes were associated with the distribution of the Runyon classification. The
Healthy-Low Inflammation Type was more prevalent in Group I infections, whereas the Severely Emaciation—High
Inflammation Type was more common in Group III infections. This indicated that nutritional and inflammatory status
may contribute to the phenotypic heterogeneity of NTM infection. Clinically, emphasis should be placed on the early
identification and intervention of patients with severe malnutrition and prominent inflammation.

Univariate and Multivariate Analyses of Nutritional Phenotypes

Given that the four nutritional phenotypes identified above exhibited a clinical gradient from favorable to poor in terms
of nutritional status and inflammatory levels, the present study treated them as ordinal categorical outcome variables (0=
Healthy—Low Inflammation Type, 1= Hyperlipidemic—Relatively Well-nourished Type, 2= Lean—Moderate Inflammation
Type, 3= Severely Emaciated—High Inflammation Type). Ordinal logistic regression analysis was performed to identify
factors associated with the nutritional phenotype grade (Table 4). Before modeling, the Brant test and parallel lines test
were used to evaluate the proportional odds assumption, and the results indicated that the assumption was not rejected
(global test, P > 0.05).
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Table 4 Univariate and Multivariate Ordinal Logistic Regression Analyses of Factors
Associated with Nutritional Phenotype Grade

Factor Univariate analysis | P value | Multivariate analysis | P value
Sex

Female 1.0 1.0

Male 1.158 (0.828, 1.619) 0.393 1.037 (0.720, 1.492) 0.846
AGE group

<60 1.0 1.0

260 4.559 (3.167, 6.562) <0.001 3.609 (2.393, 5.440) <0.001
Malignancy 3.948 (1.884, 8.269) <0.001 2.898 (1.355, 6.199) 0.006
Respiratory disease 2.386 (1.666, 3.419) <0.001 1.610 (1.097, 2.363) 0.015
Cardiovascular disease | 1.814 (1.233, 2.670) 0.003 0.953 (0.622, 1.461) 0.826
Renal disease 5.449 (1.580, 18.792) | 0.007 4.160 (1.144, 15.128) 0.031
Group | 0.621 (0.430, 0.897) 0.011 0.994 (0.570, 1.733) 0.983
Group llI 1.743 (1.233, 2.463) 0.002 1.161 (0.696, 1.936) 0.568

Note: Values are presented as OR (95% ClI). Nutritional phenotype grade was treated as an ordinal categorical
outcome variable (0= Healthy—Low Inflammation Type, I= Hyperlipidemic—Relatively Well-nourished Type, 2=
Lean—Moderate Inflammation Type, 3= Severely Emaciated—High Inflammation Type). An odds ratio (OR) > |
indicated increased cumulative odds of progressing to a poorer nutritional phenotype grade, whereas an OR < |
indicated decreased cumulative odds of progressing to a poorer nutritional phenotype grade.

Univariate ordinal logistic regression analysis demonstrated that age > 60 years, malignant tumor, respiratory disease,
heart disease, renal disease, and Runyon Group III infection were significantly associated with increased cumulative odds
of progressing to a poorer nutritional phenotype grade, whereas Runyon Group I infection was significantly associated
with decreased cumulative odds (all P < 0.05). After further adjustment in the multivariate model, age > 60 years (OR =
3.609, 95% CI: 2.393-5.440, P < 0.001), malignant tumor (OR = 2.898, 95% CI: 1.355-6.199, P = 0.006), respiratory
disease (OR = 1.610, 95% CI: 1.097-2.363, P = 0.015), and renal disease (OR = 4.160, 95% CI: 1.144-15.128, P =
0.031) remained significantly associated with increased cumulative odds of a poorer nutritional phenotype grade. In
contrast, sex, heart disease, and Runyon Group I/III infection status were not significantly associated after adjusting for
confounding factors (all P > 0.05). These findings indicated that advanced age, comorbid malignant tumor, and chronic
respiratory or renal disease were associated with a poorer nutritional phenotype grade.

Discussion
In this study, an unsupervised clustering analysis was conducted on NTM pulmonary disease patients using multi-
dimensional nutritional indicators, identifying four distinct nutritional phenotypes. Patients with different phenotypes
exhibited significant differences in nutritional status, inflammatory response, and infection type. These findings offer new
insights into the regulatory role of host condition in NTM infection and support individualized management strategies.
Malnutrition may result from inadequate nutrient intake or absorption disorders and disease-related inflammation,
which can trigger anorexia, reduced intake, and muscle catabolism, among other mechanisms.?' In light of this, the
Global Leadership Initiative on Malnutrition (GLIM) recommends incorporating markers of inflammation as a core
component of malnutrition diagnosis.*” In this study, we included nine nutrition- and inflammation-related indicators to
comprehensively evaluate patients’ heterogeneous nutritional phenotypes. The results showed that both the hyperlipi-
demic—relatively well-nourished type and the healthy—low inflammation type presented relatively favorable protein and
lipid nutritional levels, with the former tending toward hyperlipidemia and the latter characterized by younger age and
lower inflammation markers. Previous studies have reported that total cholesterol levels are generally lower in NTM
pulmonary disease patients.'® A study from South Korea also found that decreased cholesterol levels were associated
with disease progression in NTM pulmonary disease.”> The reduction in total cholesterol may involve multiple
mechanisms, including decreased synthesis and increased catabolism.”* Additionally, it has been reported that choles-
terol-rich diets may accelerate sputum culture conversion in pulmonary tuberculosis patients.”> Our findings further
suggest that although patients in the hyperlipidemic-relatively well-nourished group had elevated lipid metabolism
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indicators, their nutritional status remained relatively good. This implies that moderately increased lipid levels may serve
as an energy reserve for immune cells and do not appear to exacerbate NTM infection.*®

This study also found that patients in the severely emaciated—high-inflammation cluster had the lowest nutritional
indices and the highest inflammatory indices. A low BMI is a well-established risk factor for NTM infection.?” Kim

et al*®

observed that patients with NTM infection were generally taller and slimmer than controls, suggesting that a lean,
tall body type might predispose to the disease. Ikegame et al*’ likewise noted that BMI is an excellent indicator for
nutritional assessment and predicting disease spread in NTM pulmonary disease. Although a low BMI may be
a consequence of NTM infection itself,*® loss of adipose tissue and dysregulation of adipokines involved in immune
responses (eg., leptin and adiponectin) could also increase susceptibility to NTM.'%!" Some studies, however, report no
significant association between overall body weight or BMI and disease severity, whereas nutritional status assessed by
serum albumin correlates well with severity.*'*? The inflammatory response triggered by NTM infection can suppress
protein synthesis, accelerate catabolism, and alter albumin distribution in the body.>® Siedner et al** found that low
albumin levels are significantly associated with elevated interleukin-6 (IL-6), suggesting immune system activation.
Malnutrition also leads to lymphopenia, and lymphocytes are essential for both humoral and cellular immunity.*
Persistent antigenic stimulation may induce T-lymphocyte exhaustion, impairing effective immune responses to chronic
infectious diseases.>® Furuuchi et al*’ proposed that lymphopenia could be a biomarker for predicting the course of NTM
pulmonary disease. The outcome of NTM infection depends on the interaction between the pathogen and the host
immune system. It may promote disease progression by compromising nutritional and immune function.*>*® Therefore,
relying on a single indicator cannot fully reflect the interaction between nutrition and inflammation in these patients. This
study overcame the limitations of traditional single-index assessments by applying unsupervised clustering to integrate
multidimensional nutritional indicators. Through comparing nutritional and inflammatory characteristics among different
groups, a simplified nutritional phenotype scoring system could be developed in the future to enable rapid nutritional risk
stratification, assist in formulating individualized clinical treatment decisions, particularly for those in the severely
emaciated—high-inflammation cluster who require closer clinical monitoring and comprehensive intervention.

We further examined the association between different nutritional phenotypes and NTM infection subtypes and found
that patients in the healthy—low inflammation group had a higher proportion of Runyon Group I infections, whereas those
in the severely emaciated—high inflammation group were more likely to present with Group III infections. Group I NTM
species are mainly Mycobacterium kansasii and Mycobacterium marinum. M. kansasii is the most common NTM species
found in patients without comorbidities®” and shows high sensitivity to most first- and second-line antibiotics, leading to
relatively high treatment success rates.*” This study also found that patients in the healthy—low inflammation group had
an overall good nutritional status and almost no severe comorbidities such as malignancy or renal impairment, consistent
with previous findings. Group III NTM primarily comprises the Mycobacterium avium complex (MAC), which is more

frequently observed in patients with underlying pulmonary diseases or immune deficiencies. Morimoto et al*!

reported
that MAC pulmonary disease is often accompanied by malnutrition, and poor nutritional status is closely linked to
impaired cell-mediated immunity, constituting an essential pathogenic factor in MAC lung disease.*? In addition,
inflammatory cytokines can inhibit macrophage autophagy, reducing their ability to clear NTM.** MAC pulmonary
disease is also known for its relatively low treatment success rate and poor treatment tolerance, both of which are key
clinical challenges. Even when treatment is initially successful, the recurrence rate of MAC infection remains high.***
These characteristics suggest that patients with this phenotype face greater therapeutic complexity, underscoring the need
for early identification and nutritional intervention. Of note, the nutritional phenotypes identified in the present study
reflect relative heterogeneity within the cohort of patients with NTM pulmonary disease, rather than absolute deviation
from healthy individuals. Meanwhile, some patients had already received antimicrobial therapy at the time of sample
collection. Therefore, the findings regarding the association between nutritional phenotypes and Runyon classification
should be interpreted as exploratory, and further validation is warranted in future studies involving healthy controls and
pretreatment samples.

Further analysis revealed that age > 60 years, comorbid malignancy, respiratory disease, and renal disease were
significantly associated with increased cumulative odds of progressing to a poorer nutritional phenotype grade. These

findings indicated that elderly patients and those with malignancies, chronic respiratory diseases, or renal diseases among

12 https: Infection and Drug Resistance 2026:19



Hua et al

individuals with NTM pulmonary disease exhibited an unfavorable nutrition-inflammation phenotype. The underlying
mechanisms may involve inadequate protein intake, weakened respiratory muscle strength, impaired mucociliary
clearance, suppressed cell-mediated immunity, reduced cytokine production, and weakened phagocytic activity. These
changes collectively undermine the host’s protective barrier against NTM infection and contribute to a vicious cycle of
disease progression.*®*’

This study has several limitations. First, it was a single-center retrospective study, and thus cannot establish causal
relationships. Second, the nutritional indicators included were limited to serum biochemical and inflammatory markers;
measures of skeletal muscle mass or function (such as grip strength or muscle area) were not assessed, which may have limited
the comprehensiveness of nutritional and functional status evaluation. Third, the lack of a healthy control group in the present
study precluded direct comparisons of the identified nutritional phenotypes with the normative nutrition-inflammation profile
of healthy individuals, thereby limiting the ability to ascertain the degree to which these phenotypes constitute disease-specific
alterations in NTM pulmonary disease. Future case-control or prospective multicenter studies incorporating healthy controls
and patients with other respiratory diseases are warranted to further validate the disease specificity and external general-
izability of our findings. In addition, a proportion of patients had received antimicrobial therapy before sample collection.
Although the distribution of antibiotic regimens did not differ significantly across nutritional phenotypes, prior or ongoing
treatment may still have affected bacterial load and detection rates, potentially introducing bias into Runyon classification and
its observed association with nutritional phenotypes. Accordingly, future investigations should prioritize the enrollment of
treatment-naive patients and perform sensitivity analyses stratified by treatment duration, drug exposure intensity, and serial
sampling. Fourth, the present study utilized the K-means clustering algorithm to derive nutritional phenotypes. This approach
is inherently sensitive to outliers and assumes approximately regular cluster geometries. Although bootstrap resampling was
performed to assess the internal stability of the candidate clustering solutions, and the findings supported satisfactory stability
of the final 4-cluster structure, this classification should still be regarded as an exploratory, clinically driven clustering solution
rather than a unique mathematically optimal partition. Moreover, given the absence of validation in an independent external
cohort, the generalizability and robustness of the identified clustering structure remain to be further corroborated in subsequent
multicenter investigations. Fifth, this study could not directly assess the relationship between different nutritional phenotypes
and clinical outcomes due to the lack of long-term clinical follow-up data. Lastly, the study population consisted of a single
ethnic group in China, limiting the findings’ generalizability. Future prospective multicenter studies are warranted to enroll
healthy controls and treatment-naive patients, integrate comprehensive body composition and functional measures, perform
independent external validation, and conduct long-term follow-up to further validate the conclusions of the present study.

Conclusion

Nutritional phenotypes among patients with NTM pulmonary disease exhibit significant heterogeneity. Four clinically
interpretable nutritional phenotypes were identified based on multidimensional nutritional and inflammatory biomarkers.
The severely emaciated—high inflammation phenotype demonstrated the most adverse nutrition-inflammatory profile,
indicating that these patients may necessitate earlier nutritional evaluation, intensive surveillance, and multidisciplinary
intervention. Further prospective longitudinal studies with independent external validation are warranted to ascertain the
clinical utility of nutrition phenotype—stratified management strategies in patients with NTM pulmonary disease.
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