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Central nervous system (CNS) complications can occur in 9%–15% of patients after
allogeneic hematopoietic stem cell transplantation (allo-HSCT). The clinical manifestations
of the CNS complications are non-specific, with most of them being disturbances of
consciousness, convulsions, headaches, fever, and epilepsy, making it difficult to infer the
cause of the complications based on clinical manifestations. We retrospectively analyzed
the sensitivity and feasibility of metagenomic next generation sequencing (mNGS) in the
diagnosis of CNS infections after allo-HSCT. Lumbar punctures were performed on 20
patients with CNS symptoms after receiving alternative donor HSCT(AD-HSCT) at the
Affiliated Cancer Hospital of Zhengzhou University from February 2019 to December
2020, and their cerebrospinal fluid (CSF) was collected. The mNGS technique was used
to detect pathogens in the CSF. Routine CSF testing, biochemical analyses, G
experiments, GM experiments, ink staining, acid-fast staining, and bacterial cultures
were carried out, and quantitative PCR (qPCR) tests were used to detect cytomegalovirus
(CMV), Epstein-Barr virus (EBV), BK polyomavirus (BKPyV), and human alphaherpesvirus
(HHV). A total of 29 tests were performed with 21 of them being positive. Of the five
negative patients, three were diagnosed with a posterior reversible encephalopathy
syndrome, one as having transplantation-associated thrombotic microangiopathy, and
one with transient seizure caused by hypertension. Fifteen patients tested positive, of
which four had single infections and eleven had mixed infections. Five cases of fungal
infections, six cases of bacterial infections, and 13 cases of viral infections were detected.
Among the 13 cases of viral infections, ten cases were CMV(HHV-5); three were BKPyV;
two were Torque teno virus (TTV); Two were HHV-1,two were EBV(HHV4), and one each
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of HpyV5 and HHV-6B. Thirteen patients tested positive for virus while the qPCR
detection method of 6 identical specimens were below the minimum detection limit
(<1×103 U/ml). The mNGS technique is highly sensitive, and it can be used to diagnose
CNS infections after allo-HSCT.
Keywords: metagenomics next generation sequencing (mNGS), alternative donor, hematopoietic stem cell
transplantation, cerebrospinal fluid, pathogen
1 INTRODUCTION

Central nervous system (CNS) complications can occur in 9%–
15% of patients after allogeneic hematopoietic stem cell
transplantations (allo-HSCT) (Schmidt-Hieber et al., 2016; Das
et al., 2020) with the common causes being mainly the posterior
reversible encephalopathy syndrome (PRES), transplant-related
thrombotic microangiopathies (TA-TMA), CNS graft versus host
disease (CNS-GVHD), CNS infiltration of malignant disease,
CNS infections and non-specific neurological symptoms
(Chaudhary et al., 2017; Maffini et al., 2017; Balaguer-Rosello
et al., 2019). Furthermore, the clinical manifestations of CNS
complications are non-specific, with most of them being
disturbances of consciousness, convulsions, headaches, fever,
and epilepsy. While it is difficult to infer the cause of the
complications based on clinical manifestations. At present,
CNS infections are still the main cause of CNS complications
after transplantation, with an incidence rate of up to 15%
(Schmidt-Hieber et al., 2016). Moreover, the incidence of allo-
HSCT is significantly higher than that of autologous HSCT,
with the fatality rate also being high (Chaudhary et al., 2017).
This is a risk factor for poor prognosis in patients after allo-
HSCT (Dowling et al., 2018). For CNS infections after
transplantation, traditional detection methods cannot meet
clinical needs by offering a quick and accurate means to
diagnose the infections and the types of infectious pathogens.
Therefore, rapid and accurate detection methods for pathogenic
microorganisms have become the focus of current research.

As an emerging detection method, metagenomic next
generation sequencing (mNGS) was first recognized for its
success in the diagnosis of CNS infectious diseases. The
sensitivity of mNGS was more than 90% in untreated patients
and 66.67% in patients receiving empirical treatment with a
specificity as high as 100%. Since the test results are less affected
by antibiotics and other drugs, they can also be used to evaluate
the effects of treatment and the monitoring of diseases (Zhang
et al., 2019; Zhang et al., 2020). Furthermore, there have been
s system; allo-HSCT, allogeneic
ion; TA-TMA, transplant-related
raft versus host disease; OS, overall
Epstein-Barr virus; HHV, Human
s; HpyV5, Human polyomavirus 5;
lymphoblastic leukemia; AML, acute
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U, fludarabine; BU, busulfan; Ara-c,
ATG, antithymocyte globulin; VP16,
ine A; MMF, mycophenolate mofetil;
reversible encephalopathy syndrome.
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many reports of successful cases that have used the mNGS
method in the diagnosis of CNS infections (Wilson et al., 2014;
Wilson et al., 2018). Research has shown that the mNGS method
also has a high diagnostic value in children with unexplained
encephalitis (Haston et al., 2020). In addition, multi-center
prospective clinical trials have confirmed its application value
in clinical diagnoses (Xing et al., 2020). However, there are few
studies on the use of the mNGS method in CNS infections after
allo-HSCT. Therefore, we analyzed the sensitivity and feasibility
of the mNGS method in the diagnosis of CNS infections after
allo-HSCT to provide a reference for the diagnosis and guidance
for treatment.
2 METHODS

2.1 General Information
The study protocol was approved by the Ethics Committee of the
Affiliated Cancer Hospital of Zhengzhou University, and the
study was carried out in accordance with the Declaration of
Helsinki. We retrospectively analyzed the data of 20 patients with
CNS symptoms who received AD-HSCT at the Affiliated Cancer
Hospital of Zhengzhou University between February 2019 and
December 2020. The clinical data of the patients were recorded,
and the related contraindications excluded. Lumbar punctures
were performed under aseptic conditions, and CSF specimens
were collected, stored at a low temperature, and tested within six
hours. The mNGS method was used to detect pathogens in the
CSF. Routine CSF testing, biochemical analyses, G experiments
(There is no fungal infection below 70 pg/ml, 70-95 pg/ml is the
observation period, continuous testing is given, and deep fungal
infection is suspected if it is greater than 95pg/ml), GM
experiments(Less than 0.65 ug/L is negative, greater than 0.85
ug/L is positive), ink staining, acid-fast staining, and bacterial
cultures were performed, and quantitative PCR (qPCR) was used
to detect the cytomegalovirus (CMV), Epstein-Barr virus (EBV),
BK polyomavirus (BKPyV), and human alphaherpesvirus
(HHV). At the same time, neuroimaging examinations (such
as MRI and CT) and other means were used to assist the
diagnosis. All the patients provided informed consent for their
inclusion in the study. For the children, their parents and
guardians provided informed consent.

2.2 Methods and Process of mNGS
2.2.1 Sample Processing and Sequencing
2mL CSF was inactived at 80°C for 10 minutes immediately after
collection. 1.5mL microcentrifuge tube with 0.8mL sample and 2 g
September 2021 | Volume 11 | Article 720132
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0.5 mm glass beads were attached to a horizontal plat form on a
vortex mixer and agitated vigorously at 3000 RPM for 15 minutes,
all Sample was then centrifuged at 12000 RPM for 1 minute, 0.6
mL sample was separated into a new 2.0mL microcentrifuge tube
and DNA was extracted using the Humoral microbial DNA Kit
(PMD101, Nanjing Practice Medicine Diagnostics Co., Ltd)
according to the manufacturer’s recommendation.

According to the protocol of the BGISEQ-200 sequencing
platform, the DNA library was constructed through DNA
fragmentation, end-repair, adapter-ligation, and PCR
amplification. The constructed library was qualified by Agilent
2100 (Agilent Technologies, USA) and Qubit 4.0 (Thermo
Fisher, USA). The qualified double-strand DNA library was
transformed into a single-stranded circular DNA library
through DNA-denaturation and circularization. DNA
nanoballs (DNBs) were generated from single-stranded circular
DNA using rolling circle amplification (RCA). The DNBs were
qualified using Qubit 4.0. Qualified DNBs were loaded into the
flow cell and sequenced (50 bp, single-end) on the BGISEQ-
200 platform.

2.2.2 Bioinformatic Analysis
High-quality sequencing data were generated by removing low-
quality and short (length<35 bp) reads using fastp software
(Chen et al., 2018), followed by computational subtraction of
human host sequences mapped to the human reference genome
(hg38) using STAR alignment (Dobin et al., 2013). After the
removal of low complexity and duplicated reads using PRINSEQ
algorithms (Schmieder and Edwards, 2011), the remained data
were classified by simultaneously aligning to in-house microbial
genome databases, consisting of viruses, bacteria, fungi, and
parasites, which were mainly downloaded from NCBI (ftp://
ftp.ncbi.nlm.nih.gov/genomes/) using Kraken2 software (Wood
et al., 2019). The sequencing data list was analyzed in terms of
species-specific read number (SSRN), reads per million (RPM)
and genome coverage (%).

2.2.3 Threshold Criteria for Interpretation of
Metagenomic Analysis
The microbial list obtained from the above analysis process was
compared with an in-house background database, which
contains microorganisms appearing in more than 50% samples
in the laboratory in the past three months. The suspected
background microorganisms were removed from the
microbial list.

For different types of microbes, the thresholds were set as
follows: Extracellular bacteria/Fungus (excluding Cryptococcus)/
Parasites: SSRN≥30 (RPM≥1.5), ranked among the top 10 for
bacteria, fungi, or parasites. Organisms detected in the negative
control group or that were present in≥25% of samples from the
previous 30 days were excluded but only if the detected SSRN
was≥10-fold than that in the negative control group or other
organisms. Additionally, organisms present in≥75% of samples
from the previous 30 days were excluded. (1) Intracellular
Bacteria (excluding Mycobacterium tuberculosis and Brucella)/
Cryptococcus: SSRN≥10 (RPM≥0.5), ranked among the top 10
for bacteria or fungi. Pathogens detected in the negative control
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
group or that were present in≥25% of samples from the previous
30 days were excluded but only if the detected SSRN was≥10-fold
than that in the negative control group or other organisms. (2)
Virus/Brucella: SSRN≥3 (RPM≥0.15), Pathogens detected in the
negative control group were excluded but only if the detected
SSRN was≥10-fold than that in the negative control group. (3)
Mycobacterium tuberculosis: SSRN≥1 (RPM≥0.05) (Xing
et al., 2020).
3 RESULTS

3.1 Characteristics of the Patients
Among the 20 patients, ten were male and 10 were female. The
median age was 12 years (range, 3 – 56 years), seven had severe
aplastic anemia (SAA), seven acute lymphoblastic leukemia
(ALL), and four acute myeloid leukemia (AML), including one
case of chronic myeloid leukemia (CML) with acute myeloid
degeneration and two were myelodysplastic syndrome (MDS).
Ten cases accepted unrelated donor transplantation, and ten
haploidentical transplantation. There were 12 cases with
positive genes mutation/fusion genes and eight with complex
chromosomal karyotypes. All the patients underwent peripheral
blood stem cell transplantation and high-resolution HLA testing.
Three cases were HLA10/10 compatible, six were HLA9/10
compatible, four were HLA8/10 compatible, one was HLA6/10
compatible, and the HLA5/10 matched six cases. (Table 1 and
Supplementary Table 1).

3.2 Conditioning Regimens and GVHD
Prophylaxis
In this study, the conditioning regimens included total-body
irradiation (TBI) + fludarabine (FLU) + busulfan (BU) +
cytarabine (Ara-c) + antilymphocyte globulin (ALG) in five cases,
TBI + FLU + Cyclophosphamide (CTX) + antithymocyte globulin
(ATG) in five cases, FLU + BU + Ara-c + ALG in four cases, TBI +
FLU + BU +Ara-C+ etoposide (VP16) in three cases, FLU + CTX +
ATG +melphalan (Mel) in one case, FLU+BU+Mel in one case and
TBI+FLU+CTX+ATG+Mel in one case. For the aGVHD
prophylaxis, 13 patients received CTX + ALG + cyclosporine A
(CsA) + mycophenolate mofetil (MMF) + ruxolitinib, and seven
patients received CTX + ALG + CsA + MMF + ruxolitinib + cord
blood pluripotent stem cells (Table 1 and Supplementary Table 1).
Patients received 20 mg/kg CTX for the unrelated donor
transplantation and 40 mg/kg for the haploidentical
transplantation, at +3 d and +4 d. At -4 d to -1 d they received
ALG, 12.0 mg/(kg · d) for the unrelated donor transplantation;
at +8 d, 5 mg/(kg · d) for the haploidentical transplantation, and at
+5 d, CsA and MMF were used. The initial dose of the CsA was
2 mg/kg.d for the adults and 2.5 mg/kg.d for the children. The dose
was adjusted according to the concentrations of CsA. For the
haploidentical transplant patients, the dose was reduced six
months after the transplantation and stopped after 9–10 months.
For the unrelated donor transplantation, the dose was reduced six
months after the transplantation and stopped after 6–8months. The
plasma concentrations of CsA were assessed every three days and
September 2021 | Volume 11 | Article 720132
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maintained at 150–250 ng/mL. The dosage of MMF was usually
500 mg twice a day, halved at four weeks after transplantation, and
then stopped at six weeks. The concentrations of MMF were not
assessed in all the patients. Ruxolitinib 5 mg/d and 0.07–0.1mg/kg·d
were administered to the adults and children, respectively, from the
day of neutrophil engraftment to 100 days post-transplantation.

3.3 Hematopoietic Stem Cell Infusion and
Engraftment
The median number of reinfused mononuclear cells (MNCs) and
CD34+ cells were 16.49 (5.67– 46.61) ×108/kg and 6.41 (2.13–
15.7) × 106/kg, respectively. The median time for the neutrophil
and platelet engraftment were day 12 (10–15) and day 12 (7–15),
respectively. (Table 1 and Supplementary Table 1).

3.4 Symptoms of Central Nervous System
and Laboratory Examination Results
The median time between the onset of the neurological symptoms
and the transplantation was 64 (22–320) days, and 20 patients
achieved hematopoietic reconstitution when they developed CNS
symptoms. The symptoms of CNS included one case with a
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
respiratory status change, three with fever, four with headache,
13 with mental status change, and 14 with convulsion. A total of
29 tests were performed with 21 of them being positive. Of the five
negative patients, three cases were diagnosed as PRES (Figure 1),
one as a TA-TMA (Figure 2), and one was considered as a transient
seizure caused by hypertension. fifteen patients had infections, of
which four were single infections and eleven mixed infections.
Five cases of fungal infections, six cases of bacterial infections, and
13 cases of viral infections were detected (Figure 3). Among the 13
cases of viral infections, ten cases were CMV, three were BKPyV,
and two were Torque teno virus(TTV), two were HHV-1, two were
EBV and with one each of HpyV5 and HHV-6B.While all 13 of the
patients had positive virus test results, six identical specimens tested
negative for the virus using qPCR. Among the 15 patients with CNS
infections, one had simultaneous central nervous system leukemia
(Figure 4) and two had PRES. The results of the MRI, mNGS,
bacterial cultures, acid-fast staining, and G experiments/GM
experiments are shown in Table 2, Supplementary Table 3 and
Figures 1–4. All patients were tested by CSF smear, and no
erythrocytes were detected. Peripheral blood contamination can
be ruled out.

3.5 Other Transplant-Related
Complications
Among the 20 patients, eight had aGVHD, of which five were
grade II-IV aGVHD, two had cGVHD, 14 had pulmonary
infections, nine had intestinal infections, seven had bacteremia,
nine had hemorrhagic cystitis, seven had EBV infections, and 14
had CMV infections. (Supplementary Table 2). All those
comorbidit ies were administered symptomatic and
supportive treatment.

3.6 Treatment and Prognosis
According to the pathogen test results, drug sensitivities, and
types of resistance, treatment was administered based on the
Guidelines of the Infectious Diseases Working Party (AGIHO) of
the German Society of Hematology and Medical Oncology
(DGHO) (Schmidt-Hieber et al., 2016) and multi-center
research experience (Lin and Liu, 2013; Gao et al., 2016). The
neurological symptoms of ten patients improved after treatment,
and the treatment effect was not obvious in 10 patients. As of July
2021, the median follow-up time after transplantation was 7.5
(2.1–24.5) months, and the median survival time of 15 patients
with CNS infections was 30 (7–152) days. Twelve patients died,
and the main cause of death was a nervous system infection in 10
patients, and severe pneumonia and organ failure in two patients.
Eight patients survived. The survival rate of patients without
CNS infection was 80% (4/5), and the survival rate of patients
with CNS infection was only 26.7% (4/15).
4 DISCUSSION

CNS infection was an important factor affecting patient survival.
The overall mortality rates after development of encephalitis
were for the most common viruses as follows: 67% for HHV-6,
TABLE 1 | Characteristics of patients (N = 20).

Characteristics N = 20 (n, %)

Gender (n, %)
Male 10 (50)
Female 10 (50)
Primary disease (n, %)
SAA 7 (35)
ALL 7 (35)
AML 4 (20)
MDS 2 (10)
Genes mutation/fusion genes
Yes 12 (60)
No 8 (40)
Source of donors (n, %)
Unrelated donors 10 (50)
Haploidentical donors 10 (50)
Conditioning regimens (n, %)
TBI+FLU+BU+ Ara-c+ ALG 5 (25)
TBI + FLU + CTX+ ATG 5 (25)
FLU + BU + Ara-c + ALG 4 (20)
TBI + FLU + BU + Ara-C+VP16 3 (15)
FLU + CTX + ATG + Mel 1 (5)
TBI+FLU+CTX+ATG+Mel 1 (5)
FLU+BU+Mel 1 (5)
aGVHD prophylaxis (n, %)
PTCY + ALG + CsA + MMF + ruxolitinib 13 (65)
PTCY + ALG + CsA + MMF + ruxolitinib + CBPSC 7 (35)
The median age (year) 12 (3–56)
The median number of reinfused MNCs (×108/kg) 16.49 (5.67– 46.61)
The median number of reinfused CD34+ cells(× 106/kg) 6.41 (2.13–15.7)
The median time for the neutrophil engraftment(d) 12 (10–15)
The median time for the platelet engraftment(d) 12 (7–15)
SAA, Severe aplastic anemia; AML Acute myeloid leukemia; ALL, Acute lymphocytic
leukemia; MDS, Myelodysplastic syndrome; TBI, total-body irradiation; FLU, Fludarabine;
BU, busulfan; Ara-c, Cytarabine; ALG, Antilymphocyte globulin; ATG, Antithymocyte
globulin; VP16, Etoposide; Mel, Melphalan; GVHD, graft-versus-host disease; PTCY,
posttransplant cyclophosphamide; CsA, cyclosporine A; MMF, mycophenolate mofetil;
MNC, mononuclear cells; CBPSC, cord blood pluripotent stem cells.
September 2021 | Volume 11 | Article 720132
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83% for EBV, 80% for more than one detected virus (Schmidt-
Hieber et al., 2011). Allo-HSCT patients are a high-risk group for
CNS infections, with a total incidence of up to 15%, and most of
them occurring within six months after transplantation (Pruitt
et al., 2013). Studies have shown that 30% of patients with CNS
complications after allo-HSCT had infections, of which 13%
were bacterial, 10% fungal, and 7% viral (Colombo et al., 2017).
The toxicities of pretreatment and GVHD preventive drugs can
lead to a low immunity in patients after allo-HSCT and an
increased risk of CNS infections. Once an infection occurs, it can
lead to varying degrees of encephalitis, meningitis, and brain
abscesses. Because the patients’ immune function is low, the early
clinical symptoms are not obvious and are masked easily by other
symptoms enabling the disease to progress rapidly. If the patient
cannot be diagnosed and treated in time, the fatality rate is high
(Schmidt-Hieber et al., 2016). In an autopsy study, more than
90% of the patients who died after allo-HSCT had neurological
abnormalities (Weber et al., 2008). However, since allo-HSCT
patients usual ly have mult iple complications after
transplantation, the symptoms of CNS lack specificity, making
CNS infection an independent risk factor affecting the survival of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
allo-HSCT patients (Balaguer et al., 2017; Chaudhary et al.,
2017). Hanajiri retrospectively analyzed the clinical data of 353
cases of CNS infections in allo-HSCT recipients. The median
overall survival (OS) of patients after the CNS infections was 107
days, while the OS of patients with CNS infections was
significantly lower than that of patients without CNS infections
(Hanajiri et al., 2017). In our study, the survival rate of patients
without CNS infection was 80%, but the survival rate of patients
with CNS infection was only 26.7%. Therefore, the early, rapid,
and precise diagnosis of CNS infections and pathogen types
together with the implementation of timely, targeted treatment is
essential for the improvement, survival, and prognosis of allo-
HSCT patients.

Many methods such as G/GM experiments, ink staining,
acid-fast staining, bacterial cultures, and quantitative PCR have
been used for the diagnosis of CNS infections; However, they all
have limitations. Although the conventional pathogen culture is
the gold standard, it takes a long time and the rate of positivity is
low. The G/GM experiments can only be used with low
specificity and sensitivity for the preliminary approximate
discrimination of fungi and the test results are usually affected
FIGURE 1 | MRI in patients with PRES. The patient diagnosed with PRES showed a patchy low-intensity T1WI on the left occipital lobe, a high-intensity shadow on
the T2WI and water pressure image, a high-intensity shadow in the DWI sequence part, unclear borders, and a shallow fission near the sulci.
September 2021 | Volume 11 | Article 720132
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by many factors. False positive and false negative results can
occur, and the threshold for CSF detection is not clear. While
acid-fast staining and ink staining can be used only for the
detection of Mycobacterium tuberculosis and Cryptococcus,
respectively, their sensitivities are low. Furthermore, although
qPCR technology is widely used, its sensitivity is also low. There
are difficulties in detecting viruses with a copy number of less
than 103 copies(U/ml), it is difficult to detect the early infections
in time, and these methods can only detect specific pathogens,
such as EBV, CMV, BKPyV, and adenovirus. At the same time,
the number of specimens needed for detection is large, and it is
difficult to obtain a sufficient amount of CSF in clinical practice.
Therefore, traditional detection methods cannot detect
pathogens early and accurately, and disease progression is
often serious when discovered, which seriously affects the
prognosis of CNS patients after allo-HSCT. The emergence of
mNGS technology has solved these problems. There is no need to
isolate and cultivate pathogens, and it can analyze multiple
pathogens simultaneously. It has the advantages of a high
detection sensitivity, short cycles, and a wide application range
(Brown et al., 2018). In addition, the pathogen detection rate of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
mNGS is significantly better than that of traditional detection
methods such as qPCR (Carpenter et al., 2019; Fei et al., 2020).
mNGS’s unbiased approach broadens viral infection diagnosis,
theoretically detecting “all” viral nucleotide sequences or viral
infections present. Viral primary infections and reactivations are
common complications after allo-HSCT and are associated with
significant morbidity and mortality (Zanella et al., 2021). In our
study, there were 13 viral infections, and most patients were
mixed infections, the overall mortality of CNS infections after
transplantation was 73.3%(11/15). The mortality was lower than
previous research results (80%) (Schmidt-Hieber et al., 2011).
Therefore, early accurate diagnosis and timely effective treatment
are essential to improve the survival and prognosis of patients
with CNS infection after transplantation.

In this study, due to the specificity of the patients’ primary
disease treatment and the allo-HSCT, there were many reasons
for the CNS symptoms of the patients. Approximately 61.1% of
the CNS complications after allo-HSCT occurred within 100
days, such as PRES, GVHD, TA-TMA, and infections (Ke et al.,
2019). The early clinical manifestations in these patients were not
specific. Therefore, the diagnosis of the etiology of allo-HSCT
FIGURE 2 | MRI in patients with TA-TMA. Patients with TA-TMA showed bilateral frontal, parietal, and occipital sulcus edges with a sheet-like low signal on the
T1WI, a slightly high signal on the T2WI, a FLAIR high signal, unclear borders, a bilateral parietal dotted DWI high signal, and unclear borders.
September 2021 | Volume 11 | Article 720132
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with CNS symptoms requires the use of comprehensive auxiliary
examination methods, especially in patients with CNS symptoms
in the early stage. The MRI is the most commonly used detection
method for CNS diseases. A variety of neurological diseases can
be diagnosed initially through their MRI manifestations, while it
needs to be combined with other detection methods for
differential diagnosis. Research has shown that the MRI can be
used as the diagnostic gold standard for PRES (Picchi et al.,
2019).The MRI of the patient diagnosed with PRES in this study
showed a patchy low-intensity T1WI on the left occipital lobe, a
high-intensity shadow on the T2WI and water pressure image, a
high-intensity shadow in the DWI sequence part, unclear
borders, and a shallow fission near the sulci (Figure 1). The
MRI in patient with TA-TMA showed bilateral frontal, parietal,
and occipital sulcus edges with a sheet-like low signal on T1WI, a
slightly high signal on T2WI, a FLAIR high signal, unclear
borders, bilateral parietal dotted DWI high signal, and unclear
borders (Figure 2). The primary central nervous system
infiltration MRI showed a lesion with mixed signals on the
T1WI and nodules with mixed signals on the T2WI and T2WI
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
flair. A DWI spot-like hyperintensity was observed in the lesion,
and an enhancement was observed after the enhancement
(Figure 4). However, the MRI of the CNS infections showed
flair hyperintensities in the cerebral cortexes, but no clear display
on the T2WI, T1WI, DWI, and no enhancement after the
enhancement (Figure 3). However, the results of MRI have
limitations in the diagnosis of infections, and they are not
specific, making it difficult to confirm the existence of
infections and the types of infectious pathogens. Detection
methods, such as the mNGS, CSF smear and bacterial culture,
are needed to assist in the diagnoses.

There were no typical or specific changes in the MRI after
CNS infections. In addition, due to the immunodeficiencies of
the allo-HSCT patients, MRI imaging after CNS infections is
even less specific. Even if the infection can be confirmed by an
MRI, only the lesion of the infections can be observed, and the
type of pathogen type causing the infections cannot be
determined (Chaudhary et al., 2017). On the other hand, the
mNGS method has a high positive rate for pathogen detection
and strong reproducibility. The smallest unit of detection was
FIGURE 3 | MRI in patients with CNS infection. The CNS infection showed flair hyperintensity in the cerebral cortex, but no clear display on the T2WI, T1WI, DWI,
and no enhancement after enhancement.
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one read. In particular, for the detection of virus infection and
the sensitivity was significantly better than that of a traditional
qPCR. In this study, among the 13 patients who tested positive
for the virus, six identical specimens tested negative(<103U/ml)
for the virus using qPCR. For patients with fungal infections, the
test results of the G/GM experiment were imprecise. The mNGS
method can be used to perform untargeted and undifferentiated
detections of specimens. It can not only target and identify
specific microorganisms, but also detect different pathogens at
the same time in one sequence, discover the sequences of known
and unknown pathogens, and prioritize them according to the
types of pathogens (Wilson et al., 2018). However, there are
problems. Due to the high sensitivity, false-positive results may
occur, and it is impossible to distinguish whether the detected
pathogen is a pathogenic or parasitic bacterium. Therefore, it is
not suitable for specimens that are easily contaminated by
parasites, such as sputum and pharynx swabs. Therefore,
attention must be paid to aseptic operations in the process of
specimen collection, transportation, and storage. The CSF
specimens used in this study were free of parasitic
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
contamination. When obtaining cerebrospinal fluid during a
lumbar puncture, it is necessary to pay attention to the
disinfection of the local skin; CSF smear was tested to avoid
the cerebrospinal fluid being mixed with blood, leading to false
positive results. Simultaneous mNGS testing of the CSF and
peripheral blood can be used to overcome this. However, this
may increase the financial burden on patients. Overall, the
application of the mNGS method has greatly improved the
detection rate of patients with CNS infections after
transplantation (Boers et al., 2019). An early and efficient
diagnosis not only enables patients to receive timely and
targeted treatment, to buy time for patients treatment, but is
also essential to improve the prognosis of patients and to increase
the survival rate of patients with CNS infections after
transplantation (Schmidt-Hieber et al., 2020).

The mNGS method detects pathogens quickly, has a high
sensitivity, and a wide detection range for microorganisms. It can
assist in the early diagnosis of CNS infections after allo-HSCT
and provide a basis for the timely selection of effective anti-
infective drugs. However, clinicians still need to be cautious
FIGURE 4 | MRI in patients with CNS leukemia and infection. Primary central nervous system infiltration MRI indicated that the lesion showed mixed signals on the
T1WI and nodules with mixed signals on the T2WI and T2WI flair. A DWI spot-like hyperintensity was observed in the lesion, and the enhancement.
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when diagnosing CNS infections. They need to use a
combination of clinical symptoms, imaging examinations,
bacteriological cultures, mNGS techniques, and other
auxiliary testing methods. They also need to adhere strictly
to the principles of sterility during specimen collection,
transportation, and testing. Simultaneously, to obtain more
accurate test results, blood samples and CSF smear should be
tested to exclude contamination and false positive results. In
addition, large samples, multi-center, prospective studies are
needed to confirm the application standards and timing of the
use of the mNGS method in patients with CNS symptoms after
hematopoietic stem cell transplantation.
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TABLE 2 | Symptoms of CNS, imaging examination and prognosis (N = 20).

Case Symptoms Time from the onset of CNS symptom
post-transplantation/d

mNGS Brain MRI Prognosis

Virus Bacteria Fungus

1 Fever, convulsion 107 + + + Abnormal signal in frontal parietal lobe Death
2 Convulsion 68 + + – Abnormal signals in the cerebral cortex Death
3 Convulsion, mental status

change
51 – – – Bilateral parietal abnormal signal Survive

4 Breathing and mental
status change

240 + – – Subacute cerebral infarction Death

5 Convulsion, headache 180 + – – Abnormal signals in both cerebral
hemispheres

Death

6 Convulsion 59 – + + Bilateral frontal and parietal abnormal signal Death
7 Mental status change 41 + – – Bilateral parietal abnormal signal Death
8 Convulsion 187 – – + Abnormal signal in left basal ganglia Death
9 Convulsion, mental status

change
29 – – – Abnormal signal of left frontal plate block Survive

10 Fever, convulsion, mental
status change

22 + + + Abnormal signals in the center of the bilateral
semioval and lateral ventricle

Death

Formation of bilateral frontal subdural effusion
11 Headache, Convulsion,

mental status change
49 + + + Left pituitary nodule Survive

12 Mental status change 32 + – – No data Death
13 Fever, mental status

change
215 + – – No data Death

14 Convulsion 97 – – – Small vessel thrombosis Death
15 Convulsion 181 – – – Abnormal white matter signal in the right

frontal lobe
Survive

16 Headache, mental status
change

60 + – – Extensive subcortical white matter lesions;
subacute cerebral infarction

Death

17 Convulsion, mental status
change

189 – – – Bilateral frontal and parietal abnormal signal Survive

18 Headache, mental status
change

152 + – – No data Survive

19 Convulsion, mental status
change

320 + + – The sulci and the cistern were widened and
deepened

Survive

20 Convulsion, mental status
change

55 + – – Multiple abnormal signals in the brain Survive
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