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Introduction: Semen quality has decreased gradually in recent years, and
lifestyle changes are among the primary causes for this issue. Thus far, the
specific lifestyle factors affecting semen quality remain to be elucidated.

Materials and methods: In this study, data on the following factors
were collected from 5,109 men examined at our reproductive medicine
center: 10 lifestyle factors that potentially affect semen quality (smoking
status, alcohol consumption, staying up late, sleeplessness, consumption of
pungent food, intensity of sports activity, sedentary lifestyle, working in hot
conditions, sauna use in the last 3 months, and exposure to radioactivity);
general factors including age, abstinence period, and season of semen
examination; and comprehensive semen parameters [semen volume, sperm
concentration, progressive and total sperm motility, sperm morphology, and
DNA fragmentation index (DFI)]. Then, machine learning with the XGBoost
algorithm was applied to establish a primary prediction model by using the
collected data. Furthermore, the accuracy of the model was verified via
multiple logistic regression following k-fold cross-validation analyses.

Results: The results indicated that for semen volume, sperm concentration,
progressive and total sperm motility, and DFI, the area under the curve (AUC)
values ranged from 0.648 to 0.697, while the AUC for sperm morphology
was only 0.506. Among the 13 factors, smoking status was the major factor
affecting semen volume, sperm concentration, and progressive and total
sperm motility. Age was the most important factor affecting DFI. Logistic
combined with cross-validation analysis revealed similar results. Furthermore,
it showed that heavy smoking (>20 cigarettes/day) had an overall negative
effect on semen volume and sperm concentration and progressive and total
sperm motility (OR = 4.69, 6.97, 11.16, and 10.35, respectively), while age of
>35 years was associated with increased DFI (OR = 5.47).
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Conclusion:

10.3389/fmed.2022.811890

The preliminary lifestyle-based model developed for semen

quality prediction by using the XGBoost algorithm showed potential for clinical
application and further optimization with larger training datasets.

lifestyles, semen quality, artificial intelligence, machine learning, extreme gradient
boosting (XGBoost)

Introduction

Semen quality is an important determinant of male fertility
(1, 2). In recent years, the semen quality has decreased,
and this adverse trend has aroused widespread concern
(3, 4). Many factors have been reported to affect semen
quality, including demographic characteristics such as age and
body mass; diseases such as endocrine or genetic problems,
prostate disorders, seminal tract obstruction, and oncological
diseases; environmental factors such as temperature changes,
pollution, and electromagnetic radiation; and lifestyle factors
such as smoking, alcohol intake, and staying up late (1, 5-
10). Extensive research has indicated that unhealthy lifestyles
are among the most important factors accounting for male
reproductive disorders and decreased semen quality (6, 11).
However, the specific lifestyle factors affecting semen quality
remain to be elucidated. Furthermore, undertaking the relevant
research required for this purpose is difficult because of
lifestyle complexity (characterized by factors such as frequent
changes or the involvement of various characteristics and
confounding variables).

Machine learning, a branch of artificial intelligence (AI), is
suitable for dealing with flexible relationships among predictor
variables and outcomes in large datasets (12). The application
of machine learning in multiple fields of medicine could
help develop disease prediction models (13-15), and many
studies have applied this approach to the analysis of semen
parameters, such as morphology (16). However, there are few
studies involving the application of AI in the prediction of
the impact of lifestyles on semen quality. To our knowledge,
thus far, only 2 small-sample (n = 100) studies have revealed
the effects of lifestyle variations on semen parameters (17, 18).
Furthermore, the volunteers recruited in these studies were
young (age between 18 and 36 years) and the semen quality
parameters included were limited or ambiguous. Therefore,
further comprehensive and extensive research is warranted.
Hence, in this study, XGBoost, a decision-tree based machine
learning algorithm, was applied to analyze the association
between the semen quality characteristics and the lifestyles
associated by using data collected from 5,109 men examined in
our reproductive medical center, so as to develop a preliminary
model for semen quality prediction. Furthermore, the accuracy
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of the model was verified via multiple logistic regression analyses
to determine the value of further study.

Materials and methods

Study design

This study was approved by the Ethics Committee of
Ruijin Hospital, School of Medicine, Shanghai Jiao Tong
University (No. 2019-185), and all participants recruited
signed informed consent forms. As shown in the patient
recruitment flowchart (Figure 1), from October 2019 to
September 2021, 6,951 men examined in our center were
recruited. Participants with a BMI < 32 and without
chromosome abnormalities were included. The exclusion
criteria were as follows: prostatic inflammation and organic
injury, seminal tract obstruction, cancer, hypospadias, low
testosterone levels, varicocele, mumps, cryptorchidism, diabetes,
microdeletion of the Y chromosome azoospermia factor (AZF),
hyperlipidemia, hypertension, and sexually transmitted diseases.
Ultimately, 6,388 men were included after dropping 563 patients
who met the exclusion criteria. According to the different
evaluations intended, the routine seminal assay including
semen volume, sperm concentration, and sperm motility,
was performed for all participants, while sperm morphology
tests and DNA fragmentation index (DFI) examination was
performed in 3,018 and 2,209 participants, respectively. Each
participant completed a baseline questionnaire before the semen
analysis, and cases with missing questionnaire responses were
excluded. Thus, the final dataset included 5,109 men whose
semen volume, sperm concentration, and sperm motility were
analyzed. Furthermore, sperm morphology and DFI analyses
were performed in 2,511 and 1,812 participants, respectively.

Questionnaire variables

The questionnaire comprised 13 items including
10 pertaining to habitual lifestyles and three general
conditions including age, abstinence period, and date

of questionnaire completion; the details are listed in
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FIGURE 1

Flow chart of the study population. A total of 5,109 males were included in this study; all of these participants underwent a routine seminal assay
while some also underwent sperm morphology and DNA Fragmentation Index assay according to the different inspection purposes.

I
Logistic regressions
analysis

Supplementary Table 1. Sleeplessness and intensity of sports
activity were analyzed using the Insomnia Severity Index
and modified Physical
Questionnaire (Supplementary Table 3) (19), respectively.

(Supplementary Table 2) Activity

Assessment of semen quality

Semen samples were collected in sterile plastic container
by asking the participants to masturbate. The participants were
asked to void urine and wash their hands and external genitalia
before masturbating to provide the sample. The sample collected
was placed in a water bath maintained at 37°C for 30-60 min
for liquefaction. Semen volume was measured by weighing,
assuming a semen density of 1.0 g/ml. Sperm concentration
(spermatozoa N/mL) and motility (%) were evaluated using a
computer-aided sperm analysis system. DFI was determined by
flow cytometry after staining with acridine orange, and sperm
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morphology was investigated using the Diff-Quick staining
method. Reference values from the World Health Organization
semen analysis manual were used to assess semen characteristics
(20), and values below the lower threshold provided in the
WHO manual were defined as abnormal. Besides, the threshold
of DFI 30% was applied to classify normal (DFI < 30%)
or abnormal (DFI > 30%) groups according to a previously
published article (21).

Al and machine learning

The algorithm used in this study was extreme gradient
boosting (XGBoost). The feature importance was calculated
by the gain method from the XGBoost python library,
which worked by averaging training loss reduction caused
by feature utilization for each splitting. The input variables
were the information collected from the questionnaire
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of each patient, and the output variables were the semen
quality parameters. The input variables were considered
categorical variables (Supplementary Table 1), and the
output variables were considered dichotomous variables
according to the criterion described above. The six
semen quality parameters were independent indicators;
the XGBoost model was developed wusing different
hyperparameters, separately, to improve the accuracy of
the algorithm.

Cross-validation was performed to adjust the parameters.
First, a relatively high “learning_rate” was used and the optimum
“n_estimators” was selected for this “learning_rate”. Secondly,
the parameters “max_depth” and “min_child_weight” were
adjusted for the selected “learning_rate” and “n_estimators.”
Owing to the unbalanced category of the dataset, the training
dataset was oversampled, and the “scale_pos_weight” was
always equal to 1. Then, the learning rate was reduced. Next,
“max_depth” was adjusted to simplify the XGBoost model
according to the results obtained for the test dataset. The clean
dataset used for XGBoost was randomly split into training and
test datasets in a ratio of 70:30. Hyperparameter details are
described in Table 1. Lastly, k-fold cross-validation with k = 10
was performed to evaluate machine learning models.

Statistical analysis and logistic regression
analysis

Descriptive statistics were used to summarize general
demographics. The correlations among 13 questionnaire items
were evaluated by Pearson’s correlation coefficients. For
continuous variables, data are expressed as mean + SD for
normally distributed data or median (Interquartile range, IQR)
values for non-parametric data. For categorical variables, data
are expressed as percentages.

Univariate and multivariable logistic regression was used
to identify the factors related to semen quality. For each
independent variable, odds ratios (ORs) and 95% confidence
intervals (CIs) were estimated. Collinearity analyses were
performed before the logistic regression analysis, and the
model’s goodness-of-fit was graphically evaluated (ROC curves).
The response variables were categorized per the method used
for the XGBoost algorithm, and stepwise regression was applied
for all multivariate logistic regression analyses. Moreover, k-
fold cross-validation with k = 10 was performed to evaluate the
accuracy of the model.

The univariate and multivariable logistic regression analyses
were performed with SAS version 9.4 (SAS Institute, Cary, NC,
USA), and k-fold cross-validation was performed with k = 10 by
using the package for R (version 4.1.2). Other statistical analyses
were performed using SPSS 23.0. P < 0.05 was considered
statistically significant.
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TABLE 1 Distribution of male participants whose data were used for machine learning and the hyperparameters for XGBoost.

Scale_pos_weight

_weight

Min_child_wei

Train set no. Test set no. Learning rate N estimators Max depth

Total no.

Sperm quality parameters

1,533 0.01 600

3,576

5,109

Semen volume

1,533 0.01 750

3,576

5,109

Sperm concentration

1,533 0.01 600

3,576

5,109

Progressive motility

1,533 0.01 600

3,576

5,109

Total motility

1,758 754 0.01 300

2,511

Sperm morphology

300

0.01

544

1,268

1,812

DFI

10.3389/fmed.2022.811890

frontiersin.org


https://doi.org/10.3389/fmed.2022.811890
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Zhou et al.

10.3389/fmed.2022.811890

(=)
=

10% 20% 30%

Season of semen examination = o/l o) el
LY.Ll <30years, 29.7

Abstinance_period oo

Smoking status o /00 <)

Alcohol consumption s Selil

ITEMS

Staying up late o

Sleeplessness o Sl

Consumption of pungent food (== le Occasionally, 55.2

Intensity of sports activity —cElEE e A sl S

Sedentary lifestyle o Zoi0) Yes, 71.0

Work in hot conditions e /)
Sauna use in the last 3 months o ¢ii00)

Exposure to radioactivity o 255

, %

FIGURE 2

4-7days, 60.1

Computer, 72.6

40%

Summer, 23.7

30-35years, 45.9

%2 N N N NN BC - 7 .

Occasionally, 42.1

[72]
c
o]
@
A
o
c
]
(2]

Information regarding the general and lifestyle characteristics of study participants.

50% 60% 70% 80% 90% 100%

Autumn, 17.7
>35years, 24.4

[ >7days, 12.5
<10/day, 14.9

10-20/day, 10.2 ay, 4.0

a1

<9.9/day,42.8 e

||

by, 0.1

Often, 23.3

Often, 82 A

Occasionally, 32.0 hys, 1.2

Often, 24.3 l l 41

- -

|
3-3.99METs, 4|1.1 ’ | ’
26 METs, 1.2

Radio, 0.2

Results

General information collected using the
questionnaire

-

Figure2  shows the proportions

corresponding to the subgroups for the following questionnaire

of participants

items: (1) season of semen examination; (2) age; (3) abstinence
period; (4) smoking status; (5) alcohol consumption; (6) staying
up late; (7) sleeplessness; (8) consumption of pungent food; (9)
intensity of sports activity; (10) sedentary lifestyle; (11) work in
hot conditions; (12) sauna use in the last 3 months; and (13)
exposure to radioactivity.

Semen quality among study participants

Among the 5,109 males, the median semen volume, sperm
concentration, total sperm count, rapid progressive motility
of the sperm, progressive motility of the sperm, and total
sperm motility were 3.3ml (95% CI: 3.40-3.49ml), 68.1 x
10%/ml (95% CI: 79.26-82.84 x 10°/ml), 214.5 x 10° (95% CI:
262.28-275.23 x 10°), 23.0% (95% CI: 22.76-23.50%), 47.8%
(95% CI: 45.50-46.74%), and 60.4% (95% CI: 56.46-57.85%),
respectively. The median normal sperm morphology among
2,511 men was 6.0% (95% CI: 6.24-6.51%), and the median DFI
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of 1,915 men was 14.4% (95% CI: 17.29-18.39%). In addition,
18.2% of the participants showed abnormal sperm morphology
(morphologically normal forms, <4.0%, n = 2,511) and 13.9%
had high DFI (>30%, n = 1,812).

Risk factors affecting semen volume

We trained XGBoost with the input of the 13 items and
achieved 60.7-70.3% accuracy, 55.4-72.5% sensitivity, and 39.9-
70.4% specificity for the test set (Table 2).

The AUC of the XGBoost model for semen volume was
0.648 (Figure 3A) and the following cross-validation showed
that the AUC of the model was 0.617. The feature importance
plotted via XGBoost showed that the maximum score was
for smoking status followed by abstinence period and staying
up late (Figure 3B). Logistic regression analyses (Figure 3C)
revealed that smoking status, abstinence period, sedentary
lifestyle, and age were predictive markers of semen volume.
The AUC of the combined markers (AUC = 0.655) was
higher than that of the individual markers (AUC = 0.465,
0.563, 0.523, and 0.457, respectively), and the following cross-
validation based on the multivariate regression analysis showed
that the AUC of the model was 0.539. The maximum odds
ratio was related to smoking status (OR = 4.69), indicating it
to be the most important predictor (Supplementary Table 4).
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Abstinence period, the second most important factor as revealed

® 2 . e by XGBoost, was significantly associated with semen volume in
§o g _%‘ § E z2 3 § g the logistic regression analysis (Supplementary Table 4). Besides,
Z % - S e e e = ° as shown in Figure 3D, the OR per the regression analysis
indicated that men who smoked more than 20 cigarettes/day
were more likely to have a lower semen volume (OR: 4.69, 95%
o ¥ CI: 3.39-6.49, P < 0.001). However, males who smoked <10
:E *§ E F 88882 cigarettes/day were less likely to have a lower semen volume
é TS S33E¢<SS (OR: 0.67, 95% CI: 0.48-0.93, P < 0.05) than non-smokers.
~ Men who practiced abstinence for more than 7 days or had a
sedentary lifestyle (=5 h/day) were less likely to have a lower
% e 6 e e e semen volume (OR: 0.63, 95% CI: 0.46-0.87, P < 0.01 and OR:
§ § 7 § 7 ?5" 2 0.81, 95% CI: 0.65-1.00, P < 0.05, respectively).
&
£ g % g 2 g g Risk factors_ affecting sperm
E S s = =< concentration
.E The AUC of the XGBoost model for sperm concentration
.g Ty oy on - s was 0.661 (Figure 4A), and the cross-validation showed that
Y - o e N the AUC of the model was 0.674. The feature importance
= plotted using XGBoost showed that the maximum important
o score was for smoking status, followed by age and season
'% of semen examination (Figure 4B). The AUCs of the logistic
%’J 228 % a8 regression analyses (Figure 4C) revealed that smoking status,
3 age, intensity of sports activity, and consumption of pungent
G food were predictive markers of sperm concentration. The
@ AUC of the combined marker (AUC = 0.680) was higher
:‘g than those of individual markers (AUC = 0.457, 0.540, 0.519,
g E S S8 33 and 0.489, respectively), and the cross-validation based on
% the multivariate regression analysis showed that the AUC of
= the model was 0.547. The maximum odds ratio was observed
E for smoking status (OR = 6.97), indicating it is the most
§‘° % B 2w important predictor (Supplementary Table 5). Age, the second-
= A N most important factor revealed by XGBoost, also showed
E significant association with sperm concentration via logistic
regression assay (Supplementary Table 5). Besides, as shown in
- § Figure 4D, males who smoked more than 20 cigarettes/day were
g g more likely to have lower sperm concentrations than non-
g : e o @ o smokers (OR: 6.97, 95% CI: 5.18-9.37, P < 0.001), but smokers
2 8 SRR IR were less likely to have lower sperm concentrations than non-
3 E smokers when they smoked <10 cigarettes/day (OR: 0.13, 95%
E '2 CI: 0.07-0.22, P < 0.001). Older men (>35 years) were less likely
S T to have lower sperm density (OR: 0.72, 95% CI: 0.57-0.91, P <
._% @ 0.01) than younger men (<30 years).
§ g
:f E
; = j B 5 Risk factors affecting progressive sperm
53 rtEy 2 motility
E 5 g E & TEE _ E The AUC of the XGBoost models for progressive sperm
=& 3 &£ 25 & motility was 0.697 (Figure 5A), and the cross-validation showed
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FIGURE 3

XGBoost and logistic regression analysis of the risk factors for semen volume. The ROC curve (A) and feature importance (B) analyzed by
XGBoost and the ROC curve (C) and forest diagram showing significant risk factors (D) analyzed by logistic regression.

that the AUC of the model was 0.698. The feature importance
plotted using XGBoost showed that smoking status was the most
important factor, followed by abstinence period and alcohol
consumption (Figure 5B). The AUCs of the logistic regression
analyses (Figure 5C) revealed that smoking status, abstinence
period, alcohol consumption, age, exposure to radioactivity,
and working in hot conditions were predictive markers of
progressive sperm vitality. The AUC of the combined marker
(AUC = 0.705) was slightly higher than that of other markers,
and the cross-validation based on the multivariate regression
analysis showed that the AUC of the model was 0.696, which was
similar to that of XGBoost (AUC = 0.697).

The top-two odds ratios were observed for smoking status
and abstinence period (OR = 11.16 and 2.05), indicating their
importance in predictions (Supplementary Table 6). Alcohol
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consumption, which was identified as the third-most important
by XGBoost, also showed a significant association with
progressive sperm motility in the logistic regression assay
(Supplementary Table 6).

Moreover, as shown in Figure 5D and
Supplementary Table 6, males who smoked more than 20
cigarettes/day were more likely to have lower progressive
11.16, 95% CI: 7.82-15.93, P <

0.001) than non-smokers, but smokers were less likely to

sperm motility (OR:

have lower progressive sperm motility than non-smokers
when they smoked <10 cigarettes/day (OR: 0.07, 95% CI:
0.05-0.11, P < 0.001). Males who maintained abstinence
for more than 7 days were more likely to show lower
progressive sperm motility (OR: 2.05, 95% CI: 1.63-2.57,
P < 0.001).
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FIGURE 4
XGBoost and logistic regression analysis of the risk factors for sperm concentration. The ROC curve (A) and feature importance (B) analyzed by
XGBoost and the ROC curve (C) and forest diagram showing significant risk factors (D) analyzed by logistic regression.

Risk factors affecting total sperm motility

The AUC of the XGBoost models for total sperm vitalities
was 0.660 (Figure 6A), and the cross-validation showed that
the AUC of the model was 0.686. The feature importance
plotted via XGBoost showed that smoking status played the
most important part, followed by working in hot conditions
and abstinence period (Figure 6B). The AUCs of the logistic
regression analyses (Figure 6C) revealed that smoking status,
working in hot conditions, abstinence period, season of semen
examination, alcohol consumption, consumption of pungent
food, age, and exposure to radioactivity were predictive
markers of total sperm vitality. The AUC of the combined
marker (AUC = 0.700) was slightly higher than that of
the other markers, and the cross-validation based on the
multivariate regression analysis showed that the AUC of the
model was 0.749. The maximum odds ratio was observed
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10.35), indicating it was the
most important predictor (Supplementary Table 7). Moreover,

for smoking status (OR

working in hot conditions and abstinence period, two of
the top-three important factors revealed by XGBoost, also
significantly affected total sperm motility in the regression
analysis (Supplementary Table 7).

As shown in Figure 6D and Supplementary Table 7, males
who smoked more than 20 cigarettes/day were more likely to
have lower total sperm motility than non-smokers (OR: 10.35,
95% CI: 7.35-14.56, P < 0.001), but smokers were less likely to
have a lower total sperm motility than non-smokers when they
smoked <10 cigarettes/day (OR: 0.06, 95% CI: 0.03-0.10, P <
0.001). Males who worked under hot conditions were less likely
to show low total sperm motility (OR: 1.63, 95% CI: 1.20-2.21, P
< 0.05). Moreover, males who maintained abstinence for more
than 7 days were more likely to have lower total sperm motility
(OR: 1.72,95% CI: 1.37-2.17, P < 0.001).

frontiersin.org


https://doi.org/10.3389/fmed.2022.811890
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Zhou et al. 10.3389/fmed.2022.811890
A . TH
Progressive sperm motility Progressive sperm motility
1.0 Feature importance
% smoking status
Z. 0.8 4 abstinence period
g alcohol consumption
© " sedentary lifestyle
»  Zos- age
8 g 8 sleeplessness
= -
8 § § exposure to radioactivity
| g 0.4 “Season of semen examination
(D £ sauna use in the last 3 months
x staying up late
0.2 intensity of sports activity
work in hot condition
el — ROC curve (area = 0.697) pungent food consumption
0.0
0.0 02 0.4 0.6 0.8 1.0 0 5 10 15 20 25 30 35
False Positive Rate Importance score
c Progressive sperm motility D Progressive sperm motility
10
Source of the Curve No smoking(Reference) | 1
7)) ~—— Predicted probability (Area:0.705) <10 cigarettes /day|{ o~ 1
‘O —smo!(ing status'(Area:0A92) 10-20 cigarettes /day 1 *
Z, _arsﬂ':le;nce perlotz.(Arsa:O.fss) =20 cigarettes /day | 1 -
() 08 : gc : ( A°r e:%"j;’g plion(Area:0.532) Abstinence period<4days(Reference) 1
% ——exposure to radioactivity(Area:0.518) 4-7days 1e
~—work in hot condition (Are:0.490) >7days e
S No drinking(Reference) 1 1
7] 0.6 <9.9g/day 1 o Pvalue
2 z c 10-18.9/day | ot
] = 2 >19g/day{ ————¢-+——
'6) = 8 Age<30 y (Reference) | ! ® <0.001
b3 < @ 30-35y 4 * <001
- ? g, ® >35y leo %
o - © Exposure to radioactivity-None (Reference) ! 0.05
"(7,' Computer o * >0.05
e Radio{ ————o———
2 Others 1 —o—
~ 02 Spring(Reference) |
Summer +
) Autumn ’I
Winter i
Work in hot conditions-No(Reference) | 1
00 L T T T Yes *
00 02 04 06 08 10 02 10 70
1 - Specificity Odds ratios(Progressive sperm vitaliity)
FIGURE 5
XGBoost and logistic regression analysis of the risk factors for progressive sperm motility. The ROC curve (A) and the feature importance (B)
analyzed by XGBoost and the ROC curves (C) and forest diagram showing significant risk factors (D) analyzed by logistic regression.

Risk factors affecting sperm morphology

The AUC of the XGBoost model for sperm morphology
was only 0.506 (Figure 7A), and the cross-validation showed
that the AUC of the model was 0.520. The feature importance
plot created using XGBoost showed that smoking status was
the maximum important factor (Figure 7B). The AUCs of the
logistic regression analyses (Figure 7C) revealed that smoking
status was a predictive index for sperm morphology with a poor
AUC (0.539), and the cross-validation based on the multivariate
regression analysis showed that the AUC of the model was 0.543.
As shown in Figure 7D and Supplementary Table 8, males who
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smoked more than 20 cigarettes/day were more likely to have
abnormal sperm morphology than non-smokers (OR: 3.0, 95%
CI: 1.76-5.12, P < 0.001), but the trend did not appear for males
who smoked <10 cigarettes/day (OR: 0.53, 95% CI: 0.39-0.73,
P < 0.001).

Risk factors affecting DFI
The AUC of the XGBoost model for DFI was 0.686

(Figure 8A), and the cross-validation showed that the AUC
of the model was 0.697. The top three important features
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affecting total sperm vitality were age, abstinence period,
and smoking status (Figure 8B). The AUCs of the logistic
regression analyses (Figure 8C) revealed that age, abstinence
period, smoking status, and staying up late were predictive
markers of sperm DFI. The AUC of the combined marker
(AUC = 0.725) was higher than that of the other individual
markers (AUC = 0.661, 0.598, 0.466, and 0.443). The cross-
validation based on the multivariate regression analysis showed
that the AUC of the model was 0.648. The top-two odds
ratios appeared for age and abstinence period (OR = 5.47
and 3.61), indicating their important predictive roles. Smoking
status, the third important factor revealed by XGBoost, was also
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shown to significantly affect sperm DFI in regression analysis
(Supplementary Table 9).

Besides, as shown in Figure 8D and Supplementary Table 9,
older males (>35 years) and those maintaining abstinence for
more than 7 days were more likely to have higher DFI (OR:
5.47, 95% CI: 3.41-8.76, P < 0.001 and OR: 3.61, 95% CI: 2.27-
5.75, P < 0.001) than younger males (<30 years old) and those
maintaining abstinence for <4 days, respectively. Males who
smoked <10 cigarettes /day were less likely to have a high DFI
(OR: 0.42, 95% CI: 0.27-0.66, P < 0.001) than non-smokers.
Nevertheless, when they smoked more than 20 cigarettes/day,
the odds ratio of having high a DFI increased (P > 0.05).
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FIGURE 7
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XGBoost and the ROC curve (C) and forest diagram showing significant risk factors (D) analyzed by logistic regression.

Correlations between general
information

Considering the close relationships among the variables,
Spearman rank correlation analysis was performed. As shown
in Supplementary Table 10, significant positive correlations were
observed between sedentary lifestyle and age, staying up late,
sleeplessness, consumption of pungent food, and exposure
to radioactivity, with correlation coefficient (ICC) values of
0.043, 0.078, 0.056, 0.061, and 0.438, respectively. Meanwhile,
sedentary lifestyles showed negative correlations with smoking
status, intensity of sports activity, and working in hot conditions
(ICC = —0.088, —0.119, and —0.134, respectively). Positive
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correlations were observed between staying up late and smoking
status, alcohol consumption, sleeplessness, consumption of
pungent food, sedentary lifestyle, working in hot conditions,
sauna use in the last 3 months, and exposure to radioactivity
(ICC =0.185, 0.238, 0.310, 0.342, 0.078, 0.087, 0.067, and 0.034;
P < 0.05), but staying up late showed negative correlations
with age, abstinence period, and intensity of sports activity
(ICC = —0.074, —0.055, —0.067; P < 0.05). Exposure to
radioactivity showed positive correlations with staying up
late, consumption of pungent food, and a sedentary lifestyle
(ICC = 0.034, 0.046, and 0.438; P < 0.05), but showed negative
correlations with smoking status, alcohol consumption, and
working in hot conditions (ICC = —0.142, —0.028, and —0.109).
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Discussion

The factors influencing semen quality are complex. Several
studies have reported that male age and environmental/lifestyle
exposures, rather than the genetic problems, are primarily
responsible for abnormal semen quality (1, 22, 23). Among
these, lifestyle factors can be easily modified without medical
interventions (24), and elucidate the lifestyle factors affecting
semen quality can guide men to take appropriate measures in the
preconception period. However, as described above, the lifestyles
leading to abnormal semen quality have not been completely
clarified, while the complexity of these data made related analysis
difficult. In recent years, the wide application of AI provided a
new method for related research (13).
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Since the typical tabular data in our research were more
suitable for the decision tree algorithm, and XGBoost is
generally superior to other decision tree algorithms such as
GBDT random forest and artificial neural network models
in terms of predictive performance (25-27), we constructed
a preliminary lifestyle- and general factor-based semen
quality prediction model via machine learning with the
XGBoost algorithm by using data collected from 5,109
healthy men. Furthermore, since the accuracy of machine
learning algorithms may be impaired because of overfitting
or insufficient data training (12, 28-30), we have applied
logistic regression combined with cross-validation to verify
the accuracy and the feasibility of machine learning-based
prediction model.
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After training the XGBoost with 13 potential affecting
factors, the results showed that the AUCs of semen volume,
sperm concentration, sperm progressive and total sperm
motility, and DFI were 0.648, 0.661, 0.697, 0.660, and 0.686,
respectively, which was consistent with the regression model
and the subsequent cross-validation. In addition, the top two
important factors affecting semen volume, sperm concentration,
and the top three important factors affecting sperm motility
and DFI indicated by the XGBoost were also revealed
as predictive indices by regression analysis, indicating the
promising predictive value of machine learning. However, both
the XGBoost model and logistic regression assay as well as
the following cross-validation based on sperm morphology
showed poor predictive values (AUC = 0.506, 0.520, 0.539,
and 0.543). We speculate that this could be because lifestyle-
related factors have minimal influence on sperm morphology
(31), which is primarily mediated by genetic factors (32).
The XGBoost prediction model indicated that smoking status
was the most important factor affecting the parameters of
semen volume, sperm concentration, and motility and was
the third important factor affecting DFI, and the results were
verified by regression analysis. Many other studies have also
indicated cigarette smoking has an overall negative effect on
the semen parameters because the toxins originating from
cigarette smoke can decrease sperm mitochondrial activity and
damage the chromatin structure in human sperm (33-36). The
regression assay further revealed that heavy smoking (>20
cigarettes/day) posed a harmful effect, which suggested that
men of reproductive age men should give up heavy smoking
first. However, it was interesting that mild (<10 cigarettes/day)
smoking had positive consequents, which was partly consistent
with the findings of Kemal and Adelusi et al. (37, 38). They
found that smokers showed a higher percentage of rapidly
progressive sperm. The possible reason for this result is that
mild smoking could generate trace amounts of oxides, which are
required to support both sperm motility and capacitation (39).
Moreover, our results inevitably showed interference since many
patients who smoke very occasionally (<1 smoke/day) were
categorized into the mild smoking group. Further adjustment
and improvement of questionnaire designs will be performed in
the following research.

Furthermore, the abstinence period was the second-most
important factor influencing semen volume, progressive sperm
motility, and DFI. The regression analysis further showed that
longer abstinence periods (>7 days) can help increase semen
volume, but would hurt sperm motility and increase sperm
DFI. Sperm motility has been shown to peak within 4 or 5
days of abstinence (40), and spermatozoa accumulating in the
epididymis might react with oxygen and nitrogen species (ROS
and RNS) during prolonged periods of ejaculatory abstinence
(41). Thus, males should maintain a healthy rhythm of sex to
ensure optimal semen quality.
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Age is the primary risk factor affecting semen DFI and a
secondary risk factor affecting semen density. The regression
assay revealed that the sperm DFI was higher in elder men,
and oxidative stress damage might be one of the mechanisms
underlying this finding (42-44). Meanwhile, the semen volume
decreased and sperm density increased with increasing age,
which might be attributable to prostate atrophy. Increased age
is known to be associated with genome-wide mutations, DFI,
and chromatin integrity (45), and high sperm DFI is associated
with spontaneous abortion (46, 47). Thus, men should be to
encouraged to have children early.

In addition, other factors explored in this study, except
sauna use in the last 3 months and sleeplessness, influenced
semen parameters to some extent. Curiously, unlike published
research stating that a sedentary lifestyle or playing computer
games adversely affected sperm motility (48), our regression
analysis revealed that individuals with predominantly sedentary
lifestyles were less likely to have lower semen volume and
those exposed to computer radiation constantly were less likely
to have lower sperm motility. Moreover, men who slept late
were less likely to have a high DFI. However, the correlation
analysis (please see the Supplementary Table 10) revealed that
sedentary lifestyles and prolonged computer usage showed
negative correlations with smoking status and late sleeping
hours showed a negative correlation with age, which may be one
reason for the confusing results.

Our study had some limitations. First, all data were
collected from our own center without external validation, and
we recruited patients receiving assisted fertility guidance or
treatment, which may not fully represent the general population.
Second, most lifestyle factors were self-reported and were
subjective constructs in this research. Moreover, the stages
of changes in most lifestyle factors could not be precisely
delineated, and the valid data sample was not large enough
to obtain precise predictions. Under the influence of the
various factors described above, the current results showed
that the XGBoost Algorithm had no obvious advantage over
logistic regression. However, considering its benefits of allowing
flexible analyses of relationships among predictor variables and
outcomes in large datasets as well as the easy online updates
in the prediction system, its implementation into the clinical
workflow can be advantageous. We believe that the XGBoost will
have promising predictive value and guiding significance after
enlarging the data sample size and data feature dimensions as
well adding information-based data extraction methods.

Conclusion

In summary, the preliminary model for predicting semen
quality using lifestyle factors that was developed with the
XGBoost algorithm had the potential to undergo further
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optimization with larger training data. In addition, the model
suggested that smoking status, abstinence period, and age were
important factors affecting semen quality parameters.
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