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The application of metagenomic next-generation sequencing (mNGS) in the diagnosis of cryptococcal 
meningitis is relatively under characterized. Here, we retrospectively evaluated data from cryptococcal 
meningitis patients who were tested using mNGS and/or routine testing, including fungal culture, 
India ink staining, and cryptococcal antigen (CrAg) testing. The performance of mNGS was then 
assessed. Initial cerebrospinal fluid (CSF) samples were collected from 65 patients with suspected 
central nervous system (CNS) infection and tested using conventional tests and/or mNGS. mNGS 
offers a culture-independent approach, facilitating a rapid and unbiased detection of a broad spectrum 
of pathogens. Patients with bacterial tuberculous or viral meningitis were used as mNGS-positive 
controls and one autoimmune encephalitis patient was used as an mNGS-negative control. In the 45 
patients diagnosed with cryptococcal meningitis, the sensitivity, specificity, positive predictive value, 
negative predictive value, and concordance rate of mNGS were 92%, 100%, 100%, 90.9%, and 95.6%, 
respectively. Compared to conventional methods, the sensitivity of mNGS was slightly lower than 
CrAg tests (96.7%) but higher than India ink (79.5%) and culturing (63.4%). Of the two negative mNGS 
cases (2/25, 8.0%), one was positive by India ink staining, culture, and CrAg testing, while the other 
was positive only by CrAg testing. A combination of mNGS and conventional methods enhanced the 
detection rate to 100%. Our study demonstrates that both CrAg and mNGS offer excellent diagnostic 
accuracy for cryptococcal meningitis, and utilizing both tests can enhance clinical assessment and 
patient management.

Keywords  Metagenomic next-generation sequence, Conventional method, Cryptococcal meningitis, 
Diagnosis, Cerebrospinal fluid

Cryptococcal meningitis is a high-morbidity manifestation of cryptococcosis, which is caused by ubiquitous 
basidiomycete yeasts Cryptococcus1,2. Cryptococcus neoformans (C. neoformans) and Cryptococcus gattii (C. 
gattii) are two major pathogenic cryptococci leading to life-threatening cryptococcal meningitis3. Cryptococcal 
meningitis is primarily associated with immunocompromised individuals, with human immunodeficiency 
virus (HIV) infection often being correlated with its occurrence. Most HIV-associated cryptococcal meningitis 
occurs in patients with cluster of differentiation 4 (CD4) cell count < 200 cells/mm3 and is frequently the cause 
of death in patients4. Apart from HIV, other factors that lead to immune suppression, such as diabetes, liver 
cirrhosis, renal failure, and patients with long-term use of steroids therapy or other immunosuppressive agents, 
also render patients susceptible to Cryptococcus5. Collectively, this group of immunosuppressive individuals 
and immunocompetent individuals are referred to as HIV-negative cryptococcal meningitis patients. There is 
an increasing number of cases where HIV-negative individuals are infected by Cryptococcus6. To exacerbate the 

1Fujian Key Laboratory of Molecular Neurology, Department of Neurology, Institute of Neurology of First 
Affiliated Hospital, Institute of Neuroscience, Fujian Medical University, Fuzhou 350005, China. 2Department 
of Gastrointestinal Surgery, The First Affiliated Hospital, Fujian Medical University, Fuzhou 350005, China. 
3Department of Laboratory Medicine, The First Affiliated Hospital, Fujian Medical University, Fuzhou 350005, 
China. 4Department of Infectious Disease, The First Affiliated Hospital, Fujian Medical University, Fuzhou 350005, 
China. 5Department of Neurology, Binhai Campus of the First Affiliated Hospital, National Regional Medical Center, 
Fujian Medical University, Fuzhou 350212, China. 6Zai-Jie Jiang and Jian-Chen Hong contributed equally to this 
work. email: yaoxiangping@fjmu.edu.cn

OPEN

Scientific Reports |         (2025) 15:3656 1| https://doi.org/10.1038/s41598-025-86481-2

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-86481-2&domain=pdf&date_stamp=2025-1-27


N
o.

Se
x

A
ge

U
nd

er
ly

in
g 

di
se

as
es

SD
M

ai
n 

co
m

pl
ai

nt
P (m

m
H

2O
)

W
BC

(/
µL

)
PM

C
(%

)
G

lu
co

se
(m

m
ol

/L
)

Pr
ot

ei
n

(g
/L

)
II

S
C

ul
C

rA
g

m
N

G
S

Fi
na

l d
ia

gn
os

is

1
M

48
V

ira
l H

ep
at

iti
s t

yp
e 

B
12

Re
cu

rr
en

t h
ea

da
ch

es
29

0
78

6
84

.7
5.

16
1.

14
-

+
+

N
A

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

2
F

23
-

10
H

ea
da

ch
e 

w
ith

 fe
ve

r a
nd

 v
om

iti
ng

> 
33

0
55

N
A

2.
53

0.
47

+
N

A
+

N
A

C
ry

pt
oc

oc
cu

s n
eo

fo
rm

an
s m

en
in

gi
tis

3
M

56
Sj

og
re

n 
sy

nd
ro

m
e

90
Re

cu
rr

en
t h

ea
da

ch
es

16
0

16
7

N
A

1.
83

> 
3

+
-

+
N

A
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

4
M

59
C

er
eb

ra
l i

nf
ar

ct
io

n
20

H
ea

da
ch

e 
w

ith
 v

om
iti

ng
N

A
11

5
68

.7
1.

2
2.

39
+

+
N

A
N

A
In

tr
ac

ra
ni

al
 in

fe
ct

io
n 

(c
ry

pt
oc

oc
ca

l 
an

d 
su

pp
ur

at
iv

e 
m

en
in

gi
tis

)

5
F

48
-

30
H

ea
da

ch
e

> 
33

0
18

7
N

A
<1

.1
1

1.
62

+
N

A
N

A
N

A
C

ry
pt

oc
oc

cu
s n

eo
fo

rm
an

s m
en

in
gi

tis

6
F

52
-

6
Re

cu
rr

en
t h

ea
da

ch
es

19
0

11
3

95
.6

95
.6

0.
46

+
-

N
A

N
A

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

7
F

55
-

30
Ve

rt
ig

o 
an

d 
un

st
ab

le
 w

al
ki

ng
13

0
53

86
.8

<1
.1

1
>3

N
A

+
N

A
N

A
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

8
M

52
H

yp
er

lip
id

em
ia

15
H

ea
da

ch
e, 

do
ub

le
 v

isi
on

 a
nd

 h
ea

rin
g 

lo
ss

32
0

80
93

.8
1.

2
0.

73
+

+
N

A
N

A
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

9
M

55
H

yp
ot

hy
ro

id
ism

30
Re

cu
rr

en
t h

ea
da

ch
e

>3
30

24
0

60
2.

33
0.

94
+

+
N

A
N

A
C

ry
pt

oc
oc

ca
l m

en
in

go
en

ce
ph

al
iti

s

10
F

74
D

ia
be

te
s, 

hy
pe

rt
en

sio
n

30
H

ea
da

ch
e

>3
30

20
1

98
.5

2.
08

1.
05

+
+

N
A

N
A

C
ry

pt
oc

oc
cu

s n
eo

fo
rm

an
s m

en
in

gi
tis

11
F

60
Rh

eu
m

at
oi

d 
ar

th
rit

is,
 ce

re
br

al
 

in
fa

rc
tio

n
60

Re
cu

rr
en

t h
ea

da
ch

es
31

0
12

0
99

.2
2.

02
1.

68
-

+
+

+
C

ry
pt

oc
oc

cu
s n

eo
fo

rm
an

s m
en

in
gi

tis

12
M

62
O

bs
ol

et
e 

tu
be

rc
ul

os
is

17
Re

cu
rr

en
t h

ea
da

ch
e 

w
ith

 lo
w

-g
ra

de
 fe

ve
r

24
5

35
77

.1
3.

27
0.

27
+

-
N

A
N

A
C

ry
pt

oc
oc

ca
l m

en
in

go
en

ce
ph

al
iti

s

13
F

71
O

bs
ol

et
e 

tu
be

rc
ul

os
is,

 h
yp

er
te

ns
io

n
15

H
ea

da
ch

e
70

38
10

0
3.

18
0.

47
+

-
N

A
N

A
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

14
M

58
Si

lic
os

is
10

H
ea

da
ch

e
19

0
29

5
60

.3
1.

13
2.

89
+

-
N

A
+

C
ry

pt
oc

oc
ca

l m
en

in
go

en
ce

ph
al

iti
s

15
M

45
Fa

tty
 li

ve
r

30
H

ea
da

ch
e

30
0

33
9

92
.3

1.
66

1.
02

+
+

+
N

A
C

ry
pt

oc
oc

ca
l m

en
in

go
en

ce
ph

al
iti

s

16
M

46
A

nk
yl

os
in

g 
sp

on
dy

lit
is

3
Fe

ve
r w

ith
 h

ea
da

ch
e

N
A

21
61

.9
1.

48
1.

57
+

+
+

N
A

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

17
M

62
C

er
eb

ra
l i

nf
ar

ct
io

n,
 h

yp
er

te
ns

io
n

30
Re

cu
rr

en
t h

ea
da

ch
es

>3
30

18
1

69
.6

<1
.1

1
1.

28
+

N
A

+
N

A
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

18
M

48
-

20
D

iz
zi

ne
ss

 a
nd

 h
ea

da
ch

e
18

0
29

96
.6

4.
19

0.
77

+
-

N
A

N
A

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

19
M

51
D

ia
be

te
s

8
In

vo
lu

nt
ar

y 
tw

itc
hi

ng
 o

f t
he

 fa
ce

 a
nd

 li
m

bs
 w

ith
 

he
ad

ac
he

30
0

99
59

.6
3.

06
2.

26
+

+
N

A
N

A
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

20
M

38
C

er
eb

ra
l i

nf
ar

ct
io

n
60

Fe
ve

r, 
he

ad
ac

he
, b

ila
te

ra
l d

ro
op

y 
ey

el
id

s w
ith

 
do

ub
le

 v
isi

on
10

0
31

1
96

.8
2.

15
1.

51
-

-
N

A
+

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

21
M

40
A

ID
S

4
H

ea
da

ch
e

>3
30

8
N

A
2.

72
0.

35
+

N
A

N
A

N
A

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

22
M

71
-

10
H

ea
da

ch
e

>3
30

15
3

97
.4

<1
.1

1
0.

76
+

+
+

+
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

23
M

66
M

ya
st

he
ni

a 
G

ra
vi

s
10

Fe
ve

r a
nd

 h
ea

da
ch

e
18

0
14

0
42

.9
1.

37
1

+
+

+
+

C
ry

pt
oc

oc
cu

s n
eo

fo
rm

an
s m

en
in

gi
tis

24
M

44
H

yp
er

lip
id

em
ia

8
Fe

ve
r a

nd
 h

ea
da

ch
e

>3
30

30
2

84
.1

2.
51

0.
8.

-
+

+
+

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

25
F

66
Au

to
im

m
un

e 
he

m
ol

yt
ic

 a
ne

m
ia

, 
di

ab
et

es
7

Sl
ur

re
d 

sp
ee

ch
, h

ea
da

ch
e 

an
d 

un
co

ns
ci

ou
sn

es
s

27
0

18
10

0
5.

26
0.

81
+

-
+

+
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

26
M

47
-

14
Re

cu
rr

en
t f

ev
er

 w
ith

 h
ea

da
ch

e
27

0
91

95
.6

<1
.1

1
1.

18
+

+
+

+
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

27
F

67
H

yp
er

te
ns

io
n

10
Fe

ve
r w

ith
 h

ea
da

ch
e

10
0

10
4

10
0

2.
2

0.
75

+
-

+
+

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

28
F

36
N

ep
hr

ot
ic

 sy
nd

ro
m

e
7

Re
cu

rr
en

t h
ea

da
ch

es
>3

30
41

9
77

.1
<1

.1
1

>3
+

+
+

+
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

29
M

40
H

yp
er

te
ns

io
n,

 h
yp

er
lip

id
em

ia
60

H
ea

da
ch

e
20

0
32

3
99

.1
1.

6
1.

04
+

+
+

+
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

30
F

59
-

60
Fe

ve
r w

ith
 h

ea
da

ch
e

26
0

37
59

.5
2.

69
0.

73
+

-
+

+
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

31
M

73
-

90
H

ea
da

ch
e 

w
ith

 fe
ve

r
>3

30
12

9
86

.8
0.

97
0.

62
+

+
+

+
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

32
M

62
C

er
eb

ra
l i

nf
ar

ct
io

n
60

H
ea

da
ch

e 
w

ith
 m

en
ta

l a
bn

or
m

al
ity

12
0

26
10

0
3.

95
0.

54
-

-
+

+
C

ry
pt

oc
oc

ca
l m

en
in

go
en

ce
ph

al
iti

s

33
M

39
-

14
H

ea
da

ch
e

28
0

13
3

10
0

1.
47

0.
77

+
-

+
+

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

34
F

72
O

bs
ol

et
e 

tu
be

rc
ul

os
is,

 a
ne

m
ia

10
H

ea
da

ch
e 

an
d 

w
ea

kn
es

s
60

98
85

.7
1.

89
0.

72
+

+
+

-
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

35
F

49
Sj

og
re

n 
sy

nd
ro

m
e

60
Re

cu
rr

en
t h

ea
da

ch
e 

w
ith

 v
om

iti
ng

19
0

77
77

.9
1.

35
1.

09
-

+
+

+
C

ry
pt

oc
oc

ca
l m

en
in

go
en

ce
ph

al
iti

s

36
M

61
-

7
Fe

ve
r, 

he
ad

ac
he

 a
nd

 u
nr

es
po

ns
iv

en
es

s
16

0
11

0
10

0
2.

16
2.

08
-

-
+

+
C

ry
pt

oc
oc

ca
l m

en
in

go
en

ce
ph

al
iti

s

37
F

40
Sy

st
em

ic
 lu

pu
s e

ry
th

em
at

os
us

90
H

ea
da

ch
e, 

fe
ve

r a
nd

 d
iz

zi
ne

ss
28

0
21

10
0

1
0.

65
+

+
+

+
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

C
on

tin
ue

d

Scientific Reports |         (2025) 15:3656 2| https://doi.org/10.1038/s41598-025-86481-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


N
o.

Se
x

A
ge

U
nd

er
ly

in
g 

di
se

as
es

SD
M

ai
n 

co
m

pl
ai

nt
P (m

m
H

2O
)

W
BC

(/
µL

)
PM

C
(%

)
G

lu
co

se
(m

m
ol

/L
)

Pr
ot

ei
n

(g
/L

)
II

S
C

ul
C

rA
g

m
N

G
S

Fi
na

l d
ia

gn
os

is

38
M

64
-

60
H

ea
da

ch
e 

w
ith

 d
iz

zi
ne

ss
 a

nd
 d

ou
bl

e 
vi

sio
n

80
81

96
.3

2.
22

1.
18

-
-

+
-

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

39
M

65
-

30
Re

cu
rr

en
t f

ev
er

80
22

5
87

.1
3.

92
0.

93
+

+
+

+
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

40
M

73
-

60
Re

cu
rr

en
t d

iz
zi

ne
ss

19
0

12
91

.7
2.

11
0.

98
-

+
-

+
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

41
F

59
D

er
m

at
om

yo
sit

is,
 d

ia
be

te
s

5
H

ea
da

ch
e 

an
d 

w
ea

kn
es

s o
f l

im
bs

25
0

39
46

.2
5.

64
0.

64
+

+
+

N
A

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

42
F

50
-

7
H

ea
da

ch
e

12
0

18
6

99
.5

2.
95

0.
41

+
+

+
+

C
ry

pt
oc

oc
ca

l m
en

in
gi

tis

43
M

27
-

10
Re

cu
rr

en
t h

ea
da

ch
es

>3
30

29
2

74
2.

08
0.

8
+

+
+

+
C

ry
pt

oc
oc

ca
l m

en
in

go
en

ce
ph

al
iti

s

44
M

65
-

18
H

ea
da

ch
e

>3
30

30
86

.7
2.

85
0.

25
+

+
+

+
C

ry
pt

oc
oc

ca
l m

en
in

gi
tis

45
M

56
V

ira
l H

ep
at

iti
s t

yp
e 

B
10

Re
cu

rr
en

t f
ev

er
 a

nd
 h

ea
da

ch
e

21
0

17
7

88
.7

1.
61

0.
87

+
-

+
N

A
C

ry
pt

oc
oc

cu
s n

eo
fo

rm
an

s m
en

in
gi

tis

46
M

73
H

yp
er

te
ns

io
n

40
C

ou
gh

 a
nd

 sp
ut

um
27

0
20

07
27

.7
3.

32
1.

89
-

-
+

-
Pu

ru
le

nt
 m

en
in

gi
tis

47
M

56
H

yp
er

te
ns

io
n,

 H
yp

er
lip

id
em

ia
30

Re
cu

rr
en

t f
ev

er
 w

ith
 h

ea
da

ch
e

>3
30

14
8

95
.9

2.
26

1.
07

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

go
en

ce
ph

al
iti

s

48
M

60
C

er
eb

ra
l i

nf
ar

ct
io

n
25

H
ea

da
ch

e
70

43
5

46
1.

29
>3

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

go
en

ce
ph

al
iti

s

49
F

38
-

33
0

W
ea

kn
es

s o
f b

ot
h 

lo
w

er
 li

m
bs

13
0

7
85

.7
2.

11
>3

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

gi
tis

50
F

67
N

eu
ro

sy
ph

ili
s

10
H

ea
da

ch
e 

w
ith

 fe
ve

r
60

30
4

99
1.

33
>3

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

gi
tis

51
M

51
H

yp
er

te
ns

io
n,

 m
et

ab
ol

ic
 a

rt
hr

iti
s,

2
Sl

ow
 re

ac
tio

n,
 d

iz
zi

ne
ss

 a
nd

 v
om

iti
ng

>3
00

39
6

98
.5

1.
7

2.
28

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

gi
tis

52
M

20
-

14
C

ou
gh

, s
pu

tu
m

 a
nd

 im
pa

ire
d 

co
ns

ci
ou

sn
es

s
26

5
28

6
28

.3
2.

36
1.

18
-

-
-

-
Tu

be
rc

ul
ou

s m
en

in
gi

tis

53
F

72
H

yp
er

te
ns

io
n,

 rh
eu

m
at

oi
d 

ar
th

rit
is

3
Sl

ow
 re

sp
on

se
22

0
53

83
1.

73
1.

72
-

-
-

-
Tu

be
rc

ul
ou

s m
en

in
gi

tis

54
F

68
C

er
eb

ra
l i

nf
ar

ct
io

n,
 d

ia
be

te
s

7
H

ea
da

ch
e 

an
d 

di
zz

in
es

s w
ith

 w
ea

kn
es

s
16

5
14

2
85

.2
1.

87
1.

04
-

-
-

-
Tu

be
rc

ul
ou

s m
en

in
gi

tis

55
M

38
D

ia
be

te
s

24
0

Re
cu

rr
en

t h
ea

da
ch

e 
w

ith
 fe

ve
r

21
0

10
2

97
.1

2.
24

1.
88

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

gi
tis

56
M

40
-

7
H

ea
da

ch
e

>3
30

11
6

99
.1

2.
68

1.
8

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

gi
tis

57
F

57
-

60
D

iz
zi

ne
ss

 w
ith

 w
ea

kn
es

s o
f b

ot
h 

lo
w

er
 li

m
bs

90
33

7
99

.7
2.

82
4.

24
-

-
-

-
Tu

be
rc

ul
ou

s m
en

in
gi

tis

58
M

49
-

10
Fe

ve
r w

ith
 im

pa
ire

d 
co

ns
ci

ou
sn

es
s

N
A

34
3

98
.8

3.
23

4.
05

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

gi
tis

59
M

68
-

20
H

ea
da

ch
e

22
0

15
0

N
A

1.
39

3.
28

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

gi
tis

60
M

45
-

60
H

ea
da

ch
e

N
A

26
5

20
.6

2.
42

2.
82

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

gi
tis

61
M

29
-

30
Fe

ve
r a

nd
 h

ea
da

ch
e 

w
ith

 le
ft-

sid
ed

 fa
ci

al
 tw

itc
hi

ng
36

0
70

N
A

1.
87

1.
81

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

gi
tis

62
M

46
-

17
H

ea
da

ch
e 

w
ith

 fe
ve

r
>3

30
30

8
90

.3
%

1.
19

89
.5

-
-

-
-

Tu
be

rc
ul

ou
s m

en
in

gi
tis

63
F

53
-

4
Re

cu
rr

en
t d

iz
zi

ne
ss

 an
d 

he
ad

ac
he

, u
nr

es
po

ns
iv

en
es

s
>3

00
38

9
84

.3
1.

66
2.

51
-

-
-

-
Tu

be
rc

ul
ou

s m
en

in
go

en
ce

ph
al

iti
s

C
on

tin
ue

d

Scientific Reports |         (2025) 15:3656 3| https://doi.org/10.1038/s41598-025-86481-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


N
o.

Se
x

A
ge

U
nd

er
ly

in
g 

di
se

as
es

SD
M

ai
n 

co
m

pl
ai

nt
P (m

m
H

2O
)

W
BC

(/
µL

)
PM

C
(%

)
G

lu
co

se
(m

m
ol

/L
)

Pr
ot

ei
n

(g
/L

)
II

S
C

ul
C

rA
g

m
N

G
S

Fi
na

l d
ia

gn
os

is

64
M

49
-

6
H

ea
da

ch
e 

w
ith

 v
om

iti
ng

 w
ith

 a
bn

or
m

al
 b

eh
av

io
r

11
5

33
10

0
4.

63
0.

77
-

-
-

-
H

er
pe

s s
im

pl
ex

 v
iru

s e
nc

ep
ha

lit
is

65
M

15
-

10
A

bn
or

m
al

 m
en

ta
l b

eh
av

io
r

19
0

44
10

0
2.

95
0.

23
-

-
-

-
A

nt
i-N

M
D

A
R 

en
ce

ph
al

iti
s

Ta
bl

e 
1.

 D
em

og
ra

ph
ic

 d
at

a,
 C

SF
 fi

nd
in

gs
, d

ia
gn

os
tic

 te
st

s r
es

ul
ts

 a
nd

 fi
na

l d
ia

gn
os

is 
of

 p
ar

tic
ip

an
ts

. N
o.

 =
 c

as
e 

nu
m

be
r; 

SD
 =

 sy
m

pt
om

 d
ur

at
io

n 
be

fo
re

 a
dm

iss
io

n 
(d

ay
s)

; P
 =

 In
tr

ac
ra

ni
al

 
pr

es
su

re
; W

BC
 =

 w
hi

te
 b

lo
od

 ce
ll;

 P
M

C
 =

 p
er

ce
nt

ag
e 

of
 m

on
on

uc
le

ar
 ce

ll;
 II

S =
 In

di
a 

in
k 

st
ai

n;
 C

ul
 =

 cu
ltu

re
; C

rA
g =

 cr
yp

to
co

cc
al

 a
nt

ig
en

; m
N

G
S =

 m
et

ag
en

om
ic

 n
ex

t-
ge

ne
ra

tio
n 

se
qu

en
ce

; 
M

 =
 m

al
e;

 F
 =

 fe
m

al
e;

 N
A

 =
 n

ot
 av

ai
la

bl
e;

 - 
= 

ne
ga

tiv
e;

 +
 =

 p
os

iti
ve

.

 

Scientific Reports |         (2025) 15:3656 4| https://doi.org/10.1038/s41598-025-86481-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


issue, the lack of specificity in early presentation of cryptococcal meningitis often leads to delayed diagnosis, 
resulting in a higher mortality rate in HIV-negative patients7. Despite the recognition of early diagnosis and 
targeted treatment as crucial factors in improving patient outcomes8, the early detection of cryptococcal 
meningitis remains a significant challenge.

The conventional methods for detecting cryptococci include fungal culture, microscopic analysis of India 
ink staining smears, and cryptococcal antigen (CrAg) testing. While cryptococcal culture is the gold standard 
for the diagnosis of cryptococcal meningitis, the low detection rate and 3–5 days testing time both limit its use 
as an early diagnostic option7. India ink staining is a rapid method, but its sensitivity is reliant upon operator 
experience. CrAg testing has high sensitivity and specificity, but cannot determine the presence of infection, as it 
may remain positive for several weeks to months following the resolution of the disease. Additionally, it cannot 
detect antigen-deficient strains or distinguish pulmonary lesions9,10. A study evaluating the performance of the 
BioFire FilmArray Meningitis/Encephalitis (ME) Panel in detecting cryptococcus in CSF reported a sensitivity of 
96% and specificity of 100% when the colony-forming unit (CFU) concentration exceeded 100/mL11. However, 
the sensitivity of detection is compromised when the fungal load is low12. Additionally, there have been reports 
of false-positive results associated with the use of the BioFire ME Panel13. Therefore, rapid, sensitive, and on-site 
detection methods are urgently required to accomplish cryptococcal meningitis diagnosis.

Metagenomic next-generation sequencing (mNGS) is capable of compensating for the shortcomings of the 
above techniques, featuring short reaction time, combined with high sensitivity and specificity, thus meeting the 
requirements of in-field cryptococcal meningitis diagnosis10,14. Recently, mNGS has emerged as an unbiased 
approach that can theoretically detect all pathogens in clinical samples. It is especially suitable for novel, rare, 
and atypical manifestations of infectious diseases10,15. As mNGS has the potential to identify any pathogen 
in CSF from patients with intracranial infection, it may be used as a front-line or second-line diagnostic tool 
for infectious meningitis, especially undiagnosed or chronic cases16. Previous studies on the use of mNGS for 
detecting cryptococcal meningitis have largely been limited to case reports or small-scale cohorts, often lacking 
validation in diverse clinical scenarios. This study expands on these findings by demonstrating the diagnostic 
value of mNGS, particularly its high sensitivity and its ability to identify complex cases such as mixed and 
ectopic infections. Here, we retrospectively evaluated 45 cryptococcal meningitis patients with both mNGS and 
conventional tests performed on CSF samples, attempting to assess performance of mNGS in the early diagnosis 
of cryptococcal meningitis. Moreover, we sought to illustrate the sensitivity and specificity among all methods.

Results
Clinical features of the participants
Among the 65 recruited patients, as illustrated in Table  1, the age of those diagnosed with cryptococcal 
meningitis ranged from 15 to 74 years, with a mean age of 54.5 years. Clinical features indicated that the majority 
were admitted approximately one week after symptom onset, with the duration of symptoms before admission 
ranging from 3 to 90 days. The median and interquartile range (IQR) of the duration of symptoms before 
admission were 15 and 20, respectively. Systemic symptoms included fever (14/45, 31.1%) and vomiting (3/45, 
6.7%). The most common neurological symptom in patients with cryptococcal meningitis is headache (41/45, 
91.1%), followed by other neurological manifestations: dizziness (5/45, 11.1%), double vision (3/45, 6.7%), and 
unconsciousness (3/45, 6.7%). Elevated intracranial pressure (ICP) was noted in a significant proportion of 
patients (24/43, 55.8%). CSF analysis revealed an increased white blood cell count, decreased glucose levels, 
and elevated protein concentration. Complications associated with central nervous system diseases include 
hydrocephalus (9/45, 20%) and neurological deficits (12/45, 26.7%). Of the neurological deficits observed, 
3 cases (6.7%) were noted to develop during the course of therapy. Based on classification criteria and the 
detection of cryptococcal pathogens in the CSF samples17, 45 patients met the criteria for a definite diagnosis of 
cryptococcal meningitis. Among 41 patients with positive ink staining and/or culture results, 35 patients were 
positive for ink staining, and 6 patients were diagnosed by India ink alone. None of these 6 patients underwent 
CrAg testing or mNGS. Notably, 4 of these 6 patients had negative cultures, while 2 patients did not undergo 
culturing. Among the remaining 4 patients, 1 was diagnosed solely through CrAg, 1 exclusively through mNGS, 
while the other 2 tested positive for both CrAg and mNGS. Follow-up antifungal therapy confirmed their 
cryptococcal infections. Among all cryptococcal meningitis patients, only patient 4 exhibited poor antifungal 
efficacy, defined as a lack of clinical improvement after a few days of appropriate antifungal treatment, worsening 
symptoms, and an increase in CSF white blood cell (WBC) count. Shortly thereafter, he completed a second 
lumbar puncture, which showed a cerebrospinal fluid WBC count of 6,050 × 106/L. His symptoms improved with 
simultaneous antifungal and antibacterial treatment. We therefore concluded that he was probably experiencing 
a mixed infection with both cryptococci and bacteria, despite the absence of conclusive bacteriological evidence. 
Overall, all cases in this study were caused by C. neoformans. In terms of immunocompromised status, 31 of the 
45 (68.9%) patients were not immunocompromised, while 14 were, including 2 with Sjögren’s syndrome and 1 
with HIV/AIDS. Clinical and microbiological characteristics were similar in both immunocompromised and 
healthy patients. As controls, we also recruited one patient with purulent meningitis (Number 46), 17 patients 
with tuberculous meningitis (Numbers 47–63), one patient with herpes simplex virus encephalitis (Number 64), 
and one patient with autoimmune encephalitis (Number 65), with diagnostic tests performed on these patients 
as well. Information on all control patients is also presented in Table 1.

Identification of cryptococcal DNA in CSF samples by mNGS
Among the 25 cryptococcal meningitis cases tested by mNGS, stringently mapped reads to Cryptococcus spp. were 
identified in the CSF of 23 patients (23/25, 92%). The identified number of reads mapped to the C. neoformans 
sensu lato (s.l.) genome ranged from 2 to 306,606 (median 350) and are listed in Table 2. All the mapped reads 
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to Cryptococcus spp. were validated in the NT database on the NCBI by BLAST search. The identity of alignment 
to Cryptococcus spp. was greater than 90% in cases with positive mNGS.

Control cases 47 through 63 were diagnosed with a definite TBM based upon the classification criteria and 
evidence of MTB pathogens from at least one of mNGS, PCR, or Xpert MTB/RIF tests of the CSF samples18. 
mNGS found a different number of reads mapping to mycobacterial DNA as illustrated in Table 2. A very high 
number of unique reads mapped to Nocardia in case 46. qPCR and mNGS indicated positive identification 
of HSV1 in patient 64. Patient 65 was diagnosed with anti-NMDAR encephalitis based on detection of anti-
NMDAR antibodies in his serum (1:100) and CSF (1:32) with no pathogens identified by mNGS in the CSF 
sample. No sequences of Cryptococcus spp. were identified in any control samples, thus, the specificity of mNGS 
to detect Cryptococcus spp. was 100% in this study.

Comparison of mNGS findings to conventional methods
Conventional methods used in this study included India ink staining, CrAg testing, and culturing of Cryptococcus. 
Culturing is the gold standard, however, the detection rate is low, as shown in Table 3. Among the 41 tested 
patients, only 26 patients were positive based upon fungal culture of CSF samples (26/41, 63.4%). These patients 
were also positive based upon India ink staining, CrAg, and mNGS tests except patient 7, who only had culturing 
performed, without enough CSF available for other tests. Thirty-five patients were positive based upon India ink 
staining tests of their first CSF samples (35/44, 79.5%). However, the CrAg test was available recently and only 
performed on the first CSF samples of 30 patients, with 29 cases identified positively by the CrAg method (29/30, 
96.7%). The results of all four methods are shown in Fig. 1.

No. species reads

11 C.n NA

14 C.n NA

20 C.n 98

22 C.n 6950

23 C.n NA

24 C.n 106

25 C.n 49,101

26 C.n NA

27 C.n 2

28 C.n NA

29 C.n 122

30 C.n 262

31 C.n 152,863

32 C.n NA

33 C.n 350

35 C.n 43

36 C.n 730

37 C.n 4312

39 C.n 9

40 C.n 306,606

42 C.n 66

43 C.n 8146

44 C.n 2071

46 Nocardia 69

47 TB 12

48 TB 386

49 TB 119

50 TB 4

51 TB 16

52 TB 66

54 TB 1

55 TB 74

56 TB 2

57 TB 2

65 HSV 358

Table 2.  Reads of positive mNGS cases. No. = case number; C.n = Cryptococcus neoformans; TB = Tuberculosis; 
HSV = Herpes simplex virus; NA = not available.
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Unfortunately, due to the high cost of mNGS, only 25 cryptococcal meningitis cases were tested with mNGS 
using the first CSF samples. Interestingly, mNGS identified sequences mapping to cryptococcal DNA from 23 
patients (23/25, 92.0%). The agreement of mNGS results with the gold standard culturing method was 60.0% 
(15/25), and its overlap with all conventional methods was 96.0% (24/25). Furthermore, the agreement of 
mNGS with the three conventional methods was 95.6% (43/45). As shown in Table 4, patients with cryptococcal 
meningitis had positive predictive and negative predictive values of cryptococcal meningitis by mNGS of 
100% and 90.9%, respectively. The accuracy of mNGS was 95.6% in this study. The sensitivity of mNGS was 
significantly higher than that of culturing, the current gold standard (92.0% vs. 63.4%, p = 0.03). However, there 
was no significant difference between mNGS and CrAg testing (92.0% vs. 100%, p = 1) or India ink staining 
(92.0% vs. 79.5%, p = 0.07, respectively).

Regarding specificity, all four methods were 100% specific, with no significant differences observed among 
them.

Method Sensitivity (%) Specificity (%) Positive predict value (%) Negative predict value (%) Accuracy (%)

India ink 79.5 (35/44) 100 (20/20) 100 (35/35) 69.0 (20/29) 85.9 (55/64)

culture 63.4 (26/41) 100 (20/20) 100 (26/26) 57.1 (20/35) 75.4 (46/61)

CrAg 96.7 (29/30) 95.0 (19/20) 96.7 (29/30) 95.0 (19/20) 96.0 (48/50)

mNGS 92.0 (23/25) 100 (20/20) 100 (23/23) 90.9 (20/22) 95.6 (43/45)

Table 4.  Comparison of the sensitivity, specificity, positive predict value, negative predict value, and accuracy 
among four methods in patients with CM.

 

Fig. 1.  Venn diagram of conventional cryptococcal testing and metagenomic next-generation sequencing 
(mNGS) results in 45 patients with central nervous system cryptococcal infections. The number of cases tested 
by India ink stain, culture, cryptococcal antigen (CrAg) testing and mNGS was 44, 41, 30 and 25, respectively, 
and the number of positive cases was 35, 26, 29 and 23, respectively.

 

Method Positive numbers Numbers without testing Detection rate

India ink examination 35 1 79.5(35/44)

Culture 26 4 63.4(26/41)

CrAg 29 15 96.7(29/30)

mNGS 23 20 92.0(23/25)

Table 3.  The detection rate among mNGS and conventional methods for all recruited CM patients.
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Discussion
In the present study, we recruited 45 patients with a final diagnosis of cryptococcal meningitis and retrospectively 
evaluated the performance of mNGS for cryptococcal meningitis diagnosis. Compared with conventional 
diagnosis methods for the first CSF samples, the sensitivity of mNGS for the diagnosis of cryptococcal meningitis 
was slightly lower that of CrAg, but higher than that of India ink staining and culture. Combination of mNGS 
and conventional methods increased the detection rate to 100%. Our data indicated that mNGS was valuable for 
the early detection of Cryptococcus reads in CSF.

Cryptococcal meningitis is an infectious disease of the CNS characterized by high morbidity and mortality17. 
With the increased number of immunocompromised patients, including those with AIDS, malignancies, and 
autoimmune diseases, cryptococcal meningitis has become a public health hazard17. However, cryptococcal 
meningitis manifests non-specific symptoms of fever, headache, vomiting, seizures, as well as focal neurological 
deficits, making its early diagnosis difficult19. However, early diagnosis and treatment contribute to a reduction 
in the morbidity and mortality rates of the disease. Despite being the gold standard, culturing is low-efficiency 
(0–40%) a and time consuming (taking 3–5 days). In our study, the positive rate of culturing fungi was only 
63.4%, and the method can delay treatment due to the lengthy detection period. The sensitivity of India 
ink staining is 42–86% in cryptococcal meningitis cases (79.5% in our study), and can easily influenced by 
the competence of the operator, making it an unreliable method11,20,21. Therefore, CrAg, a fast and efficient 
diagnostic method has arisen. A comparative study12 assessed the performance of the ME Panel in detecting 
cryptococcal infections, alongside CrAg tests and culture. The results revealed that the ME Panel demonstrated 
a positivity rate of 84.2% (32/38), whereas culture and CrAg tests yielded positivity rates of 73.7% (28/38) and 
97.4% (37/38), respectively. These findings suggest that the ME Panel exhibits a high degree of concordance with 
culture, although its correlation with the CrAg test is slightly lower.

CrAg testing, with its superior sensitivity (over 90%), is a reliable method for diagnosing cryptococcal 
infections, though specific factors such as high antigen concentrations may influence its results in certain 
cases22. In our study, the initial CrAg test on the undiluted CSF sample from patient number 40 returned a 
negative result, while his serum sample tested positive. Additionally, a CSF fungal culture confirmed the 
growth of Cryptococcus neoformans, and mNGS detected Cryptococcus reads, both confirming the diagnosis 
of Cryptococcus neoformans meningitis. Upon further dilution of the CSF sample, repeated CrAg testing 
yielded a positive result with a high titer (> 1:2560). These findings suggest that the initial result may have been 
influenced by a post-zone effect due to an excessive concentration of CrAg in the CSF, rather than a true false 
negative. This highlights the importance of proper sample preparation and dilution to ensure accurate CrAg 
testing. Furthermore, when we performed CrAg testing on CSF samples from the 20 control patients, one patient 
(number 46) produced a positive result. The patient was admitted with cryptococcal pneumonia. During the 
treatment, this patient developed symptoms of meningitis. We performed a lumbar puncture, and subsequently, 
a variety of diagnostic methods were employed to identify different pathogenic microorganisms. The patient’s 
CrAg testing was positive while India ink staining and culturing were both negative. mNGS was able to identify 
a purulent bacterium, Nocardia spp. without detecting Cryptococcus reads. To uncover whether the patient had 
a complicated infection of Nocardia spp. and Cryptococcus, we performed semi-quantitative CrAg testing on his 
CSF, which showed a titer of 1:2. And his serum CrAg titer is 1:5. Because of the low titer, we considered this to 
indicate no cryptococcal infection of his meninges. Subsequently, after antibacterial therapy alone, the patient’s 
meningitis symptoms improved. However, one caveat may be added because the antibody used in CrAg testing 
was developed from a strain of C. neoformans s.l., false negatives may result from a poor affinity due to capsule-
deficient C. neoformans s.l. or C. gattii s.l23,24.

With high levels of replicability and objectivity, DNA sequencing has emerged as a new gold standard 
method for accurate species identification. A large-scale retrospective analysis with 511 CSF specimens from 
suspected infectious patients indicated that the sensitivity of mNGS was greater than cultures in detecting 
pathogens. Furthermore, mNGS was less commonly impacted by prior antibiotic exposures25. Additionally, 
mNGS offers a rapid and unbiased approach to the molecular diagnosis of infectious diseases. The turn around 
time for mNGS excluding transportation of specimen is 96 h, however, it is limited by the specific conditions 
and equipment required for its implementation. And this method allows for the identification of any pathogen 
without prior knowledge26. mNGS can be used not only for the diagnosis of cryptococcal meningitis, but also 
for the differential diagnosis such as the identification of Mycobacterium tuberculosis, Nocardia, Herpes simplex 
virus, etc. Meanwhile, mNGS can also identify mixed pathogens. In such instances, mNGS may serve as a 
powerful diagnostic tool in clinical practice. Our preliminary data suggested the potential utility of mNGS for 
detection of Cryptococcus at very low abundance. For example, patient number 20 who only produced 98 mNGS 
reads was diagnosed as negative based upon conventional CSF tests including fungal culturing and India ink 
staining. Furthermore, metagenomic next-generation sequencing (mNGS) analysis can not only identify the 
pathogen but also assess its antibiotic resistance genes. By sequencing the pathogen’s genomic sequences in 
cerebrospinal fluid samples and comparing them to known antibiotic resistance gene databases, clinicians can 
obtain crucial information regarding the pathogen’s resistance profile. This facilitates the selection of the most 
effective treatment strategy. This has been reported in the detection of Mycobacterium tuberculosis and fungal 
pathogens27. More significantly, for cryptococcal meningitis, mNGS can distinguish between C. neoformans 
and C. gattii which may benefit the diagnosis and management of cryptococcal meningitis, especially given that 
these two organisms require different courses of antifungal treatment28. Although the cost of mNGS is relatively 
high, its use can lead to substantial cost savings by reducing the duration of ineffective treatment and hospital 
stays for patients with cryptococcal meningitis, ultimately lowering the overall treatment expenses throughout 
the patient’s care29.

A recent report suggested the diagnostic sensitivity of mNGS (75%) was not superior to conventional 
methods (India ink staining, 83.33%, culturing, 83.33% and CrAg EIA, 100%)30. In our study, the sensitivity of 

Scientific Reports |         (2025) 15:3656 8| https://doi.org/10.1038/s41598-025-86481-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


mNGS for the diagnosis of cryptococcal meningitis using CSF was 92.0%, similar to a prior study (93.5%) by 
Gan et al.31. The sensitivity still requires further improvement as an excellent diagnostic method for cryptococcal 
meningitis. For human samples, mNGS results comprise > 95% human reads, therefore, the removal of 
human DNA sequences is a major obstacle to the application of mNGS for diagnostics32. In addition, because 
Cryptococcus DNA is protected by a thick capsule, effective DNA extraction is another obstacle for detection of 
cryptococcal meningitis. Remaining barriers include contamination with external sources of nucleic acid, data 
analysis, method standardization, and interpretation challenges33.

Our study reports a relatively large sample of patients in evaluation of the diagnostic performance of mNGS 
for cryptococcal meningitis that expands the limited body of literature on this topic, but it has several limitations. 
First, this was a retrospective study, which introduces the possibility of unrecognized biases and incomplete data 
collection including mNGS, CrAg, and CSF pressure measurements. Further investigation with larger samples is 
warranted to evaluate the diagnostic value of mNGS in cryptococcal meningitis. Second, the high cost of mNGS 
(3900 RMB3900RMB/550.29USD/416.52GBP) restricts its widespread use for detection in clinical practice. 
Additionally, as the peak time of pathogen occurrence may be different from the time first CSF is collected, 
repeat mNGS testing may improve sensitivity.

This study presents several limitations that warrant consideration. Firstly, as a retrospective analysis, it is 
inherently subject to challenges such as incomplete data and the potential for selection bias. The reliance on pre-
existing records may result in gaps in information, which could impact the comprehensiveness of our findings 
and subsequently influence the outcome assessments. Secondly, the sample size in this study may be insufficient 
to ensure adequate statistical power, which limits the ability to generalize our findings to a broader population. 
Future studies with larger, more representative cohorts are essential to validate and extend the insights derived 
from our research.

Conclusions
This study evaluated the clinical features of patients with cryptococcal meningitis and compared the diagnostic 
performance of mNGS with conventional methods, including India ink staining, CrAg testing, and fungal 
culturing. Among the 65 patients recruited, 45 were diagnosed with cryptococcal meningitis based on pathogen 
detection in CSF, with the majority exhibiting neurological symptoms such as headache and elevated intracranial 
pressure. Notably, both mNGS and CrAg testing demonstrated high sensitivity, significantly outperforming the 
gold standard culturing method.

In conclusion, this study confirms that both the CrAg testing and mNGS have excellent sensitivity and 
specificity for diagnosing cryptococcal meningitis. Both methods are highly recommended for clinical practice 
due to their effective diagnostic performance.

CrAg testing is especially useful as a rapid and cost-effective screening tool, suitable for resource-limited 
settings and urgent cases, particularly in high-risk patients like those with advanced HIV. On the other hand, 
mNGS is better suited for complex cases with atypical symptoms or suspected co-infections, as it can identify a 
wider range of pathogens.

For optimal diagnostic accuracy, we suggest performing both CrAg testing and mNGS tests after the initial 
lumbar puncture in patients suspected of having cryptococcal meningitis. This approach ensures timely and 
comprehensive assessment for effective patient management.

Methods
Ethics statement and informed consent
This study was carried out in accordance with the recommendations, guidelines, and regulations using human 
specimens from the institutional review board of the First Affiliated Hospital of Fujian Medical University. All 
subjects or their legal representatives provided informed consent prior to inclusion. The retrospective-review 
protocol was approved by the institutional review board at the First Affiliated Hospital of Fujian Medical 
University.

Participants
A total of 65 patients who were admitted to the First Affiliated Hospital of Fujian Medical University between 
January 2020 and November 2022 were recruited (Figs.  2), 45 of whom were diagnosed with cryptococcal 
meningitis (meningoencephalitis). A definite cryptococcal meningitis diagnosis was made when at least one 
of India ink staining, fungal culture, mNGS, or CrAg test was positive from the CSF samples17. Raised ICP 
was defined as an opening pressure ≥ 25 cm of water7. Patients were managed in accordance with established 
clinical guidelines7. Twenty other patients with a definite diagnosis acted as controls, including 1 case of purulent 
meningitis, 17 cases of tuberculous meningitis, 1 case of herpes simplex virus encephalitis, and 1 case of anti-
N-methyl-D-aspartate (NMDA) receptor (R) encephalitis. The purulent meningitis patient was detected via 
Nocardia DNA presence in his CSF by mNGS. Patients with tuberculous meningitis were positive on at least 
one of real-time PCR, mNGS, or Xpert MTB/RIF assays on their CSF samples34. Herpes simplex virus DNA was 
detected in the CSF of the positive patient via qPCR and mNGS35. Anti-NMDAR antibodies were detected in the 
CSF and serum of patients with anti-NMDAR encephalitis36. All cryptococcal meningitis and control patients 
underwent at least one type of diagnostic testing, either mNGS or one of several conventional tests, on their CSF 
samples collected during the first lumbar puncture after admission. Brain magnetic resonance imaging (MRI), 
and computed tomography (CT) scan were performed for each patient.
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India ink staining and fungal culture
India ink staining was performed to identify mucus substances and polysaccharide capsules of fungi37. The 
background of the slide was smeared with India ink (BA4042, Zhuhai Besso Biotechnology Co., Ltd) with the 
organisms themselves not colored, allowing the capsule of Cryptococcus to be visualized via negative staining. 
Fungal cultures began immediately after the completion of lumbar puncture, using BD BACTEC blood culture 
media bottles (Becton, Dickinson and Company, USA), and the fungal colonies were identified by mass 
spectrometry (Microflex LT/SH, Bruker Daltonics, Germany).

Cryptococcal antigen testing
Cryptococcal antigen was detected using a lateral flow assay (LFA). CSF from patients was tested using the 
CrAg LFA kit according to the manufacturer’s instructions (IMMY, Norman, OK, USA). To avoid post-zone 
effects, all samples were diluted prior to testing. The CSF samples were diluted by mixing them in a 1:1 ratio with 
phosphate-buffered saline (PBS). The CrAg LFA test strip was then dipped into the sample and incubated for 
10 min before reading the results. The test strip was colored upon cryptococcal antigen detection in the sample 
but remained white in the absence of the antigen. A quality control strip was always colored either for positive 
or negative samples.

Metagenomic next-generation sequencing
DNA extraction
Cell-free DNA was extracted from 2 mL of cerebrospinal fluid using the QIAamp DNA Micro Kit (QIAGEN, 
Hilden, Germany). Cells in the cerebrospinal fluid were removed by centrifugation and the supernatant was 
collected for DNA extraction.

Library generation and sequencing
A DNA library was constructed according to the operating instructions of the QIAseq™ Ultralow Input Library 
Kit (QIAGEN, Hilden, Germany). Quality control of constructed library was performed using a Qubit 3.0 Of 
the two negative mNGS cases (Invitrogen, Q33216) and an Agilent 2100 Bioanalyzer (Agilent Technologies, 
Palo Alto, USA). Qualified DNA libraries with diverse barcode tags were pooled and sequenced using the 
Nextseq 550 platform (Illumina, San Diego, CA, USA), with 75 bp single-end reads at a depth of approximately 
20 million reads per library. After obtaining sequencing data, high quality reads were acquired by filtering out 
adapters, low quality, low-complexity, and short (<35 bp) reads. Next, human-derived sequences matching the 
human reference database (hg38) were removed by using SNAP software. The remaining reads were aligned 
to Microbial Genome Databases using Burrows–Wheeler Aligner software. This database contains a large 
collection of microbial genomes from NCBI representing more than 30,000 microorganisms, including 17,748 
bacteria, 11,058 viruses, 1,134 fungi, and 308 parasites. The microbial composition of the samples was identified. 
The criteria for positive mNGS results were set as follows: (1) for bacteria other than TB, fungi other than 
Cryptococcus and parasites, sequencing coverage in the top 10 of all pathogens detected which is not detected in 

Fig. 2.  Overview of patients enrolled, final diagnosis and number of patients tested by each method. A total of 
65 patients were enrolled. Of these patients, 45 were diagnosed with CNS cryptococcal infection. As controls, 1 
patient with purulent meningitis, 17 patients with tuberculous meningitis, 1 patient with viral encephalitis, and 
1 patient with autoimmune encephalitis were enrolled.

 

Scientific Reports |         (2025) 15:3656 10| https://doi.org/10.1038/s41598-025-86481-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


the negative control (NTC); or sample/NTC with an RPM (reads per million mapping) ratio greater than 10. (2) 
For viruses, tuberculosis and cryptococci, at least 1 specific sequence detected, which is not detected in the NTC; 
or an RPM ratio of > 5 for samples/NTC.

Statistical analysis
Paired chi-square analysis was used to compare the sensitivity and specificity across mNGS and conventional 
tests. A p-value < 0.05 was considered significant. Not all patients had all four tests performed, therefore when 
conducting a paired chi-square analysis comparing the two tests we selected patients who had both tests 
performed.

Data availability
Sequence data filtering out the human genome of this study have been uploaded to the National Center for Bio-
technology Information sequence read archives under project accession number PRJNA1192805 ​(​h​t​​​​t​p​s​:​​/​/​​d​a​​t​​a​v​​i​
e​w​​.​n​c​b​​i​.​n​l​m​.​n​i​h​.​g​o​v​/​o​b​j​e​c​t​/​P​R​J​N​A​1​1​9​2​8​0​5​)​.​​
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