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Abstract

What Is Known and Objective: Only a few studies about polymyxin B (PMB) against

multidrug-resistant gram-negative bacteria (MDR GNB) infection were conducted in

liver transplantation recipients (LTRs). The purpose of this study was to investigate

the efficacy and safety of PMB in the treatment of MDR-GNB in liver transplant

recipients and to determine the risk factors affecting clinical cure and 30-day all-

cause mortality.

Methods: Data of LTRs receiving PMB from January 2016 to February 2020 were

collected. Clinical cure and 30-day all-cause mortality were the main efficacy out-

comes, while the incidence of nephrotoxicity, neurotoxicity, and hyperpigmentation

of PMB was the main safety outcome.

Results and Discussion: Data of 42 LTRs were included. Clinical cure with PMB was

observed in 27 recipients (64.3%), and the 30-day all-cause mortality rate was 31.0%

(13/42). The incidence of acute kidney injury (AKI), neurotoxicity, and hyper-

pigmentation was 57.1% (16/28), 4.8% (2/42), and 16.7% (7/42), respectively. Logis-

tic regression analysis showed that Acute Physiology and Chronic Health Evaluation

(APACHE) II score (OR, 1.203; 95% CI, 1.016–1.423, p = 0.032) was an independent

risk factor for 30-day all-cause mortality, whereas renal replacement therapy (OR,

0.128; 95% CI, 0.019–0.860, p = 0.034) was an independent risk factor for clinical

cure with PMB.

What Is New and Conclusions: This is the first study to evaluate the application of

PMB in LTRs. If there were no better therapeutic options left for LTRs other than PMB,

it can be used against MDR GNB infection in LTRs. We should closely observe adverse

events or reactions, and adjust the dose based on the balance of efficacy and safety.
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1 | WHAT IS KNOWN AND OBJECTIVE

Infectious complications are significant contributors to morbidity and

mortality after liver transplantation.1 About one-third of liver trans-

plant recipients suffer at least one infection within 30 days after trans-

plantation, predominantly bacterial infection during the first 2 months

post-transplantation.2 In the last decade, data from solid organ trans-

plantation showed a steady upward trend of gram-negative bacteria

(GNB) and an 8-fold increase of multidrug-resistant gram-negative

bacteria (MDR GNB).3 Due to the significantly high mortality rates of

MDR GNB,2 they have become an increasing challenge for clinicians

to manage, especially in liver transplantation recipients (LTRs).

Several novel antibiotics were developed and approved in response

to the need to fight the increasing rates of infections caused by MDR bac-

teria with lower mortality and better safety profiles. However, in China

where novel antibiotics (e.g., ceftazidime/avibactam, imipenem/

relebactam, and cefiderocol) are not available or not yet covered by health

insurance, polymyxin B (PMB) becomes the last line of treatment for

MDR GNB infections, including Klebsiella spp, Acinetobacter spp, and Pseu-

domonas aeruginosa.4 PMB was developed in the 1940s but was gradually

replaced by other antibiotics in the sixties in the world due to its nephro-

toxicity and neurotoxicity. The potent in vitro activity of PMB against

MDR GNB, the rapid increase of bacterial resistance strains, and the lack

of new effective antibiotics have led to its reintroduction to clinical use in

recent years. Only a few studies about PMB against MDR GNB were con-

ducted in LTRs in the past because of its limited use.4 Additionally, acute

kidney injury (AKI) is a common complication after liver transplantation;5

thus, PMB safety in LTRs remains unclear. The purpose of this study was

to investigate the efficacy and safety of PMB in the treatment of MDR-

GNB in liver transplant recipients and to determine the risk factors affect-

ing clinical cure and 30-day all-cause mortality.

2 | METHODS

2.1 | Research design and methods

In the present retrospective, single-center study, medical records of

LTRs who received intravenous PMB for MDR GNB in a tertiary

teaching hospital in Shanghai from January 2016 to February 2020

were analysed. Medical Ethics Committee of Zhongshan Hospital

approved this study (approval No. B2020-320R) and waived the

requirement for informed consent because this retrospective analysis

was limited to preexisting data from medical records and collected as

a part of the routine treatment by clinicians.

Patients were recruited if they met the following inclusion criteria:

(1) received liver transplantation; (2) age ≥18 years old; (3) had a

culture-confirmed MDR GNB infection. The exclusion criteria were:

(1) the length of treatment <72 h; (2) incomplete or missing patient

information. MDR GNB were defined as those that acquired non-

susceptibility to at least one agent in three or more antimicrobial cate-

gories.6 MDR GNB identification and antibiotic susceptibility testing

were confirmed using matrix-assisted laser desorption/ionization time-

of-flight mass spectrometry (bioMérieux, Marcy l'Etoile, France) and

automated susceptibility testing system VITEK 2 Compact (bioMérieux,

France) and Phoenix M50 instrument (BD Diagnostics, CA). Minimum

inhibitory concentration (MIC) was interpreted according to Clinical and

Laboratory Standards Institute (CLSI) breakpoints.

Data were collected from the hospital's electronic database, includ-

ing demographic characteristics, clinical information, laboratory results,

microbial culture, antimicrobial susceptibility testing, therapeutic regimen,

and outcomes. The primary outcomes were clinical cure with PMB at the

end of the treatment course and 30-day all-cause mortality. The second-

ary outcomes were adverse drug events and toxic reactions of PMB.

2.2 | Observed indicators

Bacteremia was a positive blood culture with clinical signs of systemic

inflammatory response syndrome. Systemic inflammatory response syn-

drome was defined as the presence of two or more of the following

parameters: body temperature >38�C or <36�C, heart rate >90/min,

respiratory rate >20 breaths/min, and white blood cell count >12� 109

or <4 � 109 cells/L. Non-bacteremia infection was defined as positive

non-blood sample cultures (sputum, urine, bronchial-alveolar lavage fluid,

pleural drainage fluid, intra-abdominal drainage fluid, etc.) plus clinical

signs of infection with negative blood culture. For infections requiring

removal of the source of infection (catheter-related bacteremia or intra-

abdominal infections, etc.), we had performed adequate source control

before using antibiotics. Source control included removing or replacing

the catheter/drain placement or removing infected fluid and tissue.

Clinical cure with PMB was defined as improved signs and symptoms

from the infection onset to the end of therapy and negative culture from

the same site. The 30-day all-cause mortality rate referred to the percent-

age of LT recipients who died from any cause within 30 days after starting

PMB treatment. Microbiological eradication was defined as the absence

of the initially isolated pathogen from the site of index infection. Addition-

ally, the incidence of nephrotoxicity, neurotoxicity, and hyperpigmentation

of PMB was reviewed from medical records. The Kidney Disease Improv-

ing Global Outcome (KDIGO) guideline was used to determine PMB-

associated AKI based on serum creatinine (SCr) level increase by 0.3 mg/dL

within 48 hours or a 50% increase from baseline.7 The severity of AKI was

categorized as stage 1 (increase in SCr level by 1.5 fold or ≥0.3 mg/dL),

stage 2 (increase in SCr level by two fold), and stage 3 (increase in SCr

level by 3 fold or ≥4 mg/dL or the initiation of renal replacement ther-

apy).7 Neurotoxicity was defined as any dizziness, weakness, facial and

oral numbness, peripheral neuropathy, and confusion during PMB therapy

that was not present at the start of therapy. Hyperpigmentation referred

to significant darkness of the skin compared to the skin colour before

PMB treatment. The von Luschan Color Scale was used to assess changes

in skin tone every week from the initial treatment of PMB.

2.3 | Statistical analysis

SPSS version 19.0 (IBM crop., Armonk, NY, USA) was used to perform

all statistical analyses. Normal and non-normal distributed continuous
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variables were compared using independent sample t-test and Mann–

Whitney U test, respectively. Categorical variables were compared

using the Chi-square test or Fisher's exact test. A forward logistic

regression model was adopted to analyse independent risk

factors affecting clinical cure with PMB and 30-day all-cause mortality.

p < 0.05 was considered statistically significant.

3 | RESULTS AND DISCUSSION

3.1 | Demographic and clinical characteristics

A total of 52 LTRs were identified from the electronic medical records

and excluded 10 recipients with a length of treatment of fewer than

72 h (Figure 1). There were 24 cases of single-site infections, including

bacteremia (3/42, 7.1%), intra-abdominal infection (5/42, 11.9), and

pneumonia (16/42, 42.9%). The remaining 18 recipients developed

multisite infections. Among them, there were three cases of bacteremia

combined with pneumonia, three cases of pneumonia combined with

intra-abdominal infection, two cases each of bacteremia combined with

intra-abdominal infection and pneumonia combined with urinary tract

infection, and one case of bacteremia combined with urinary tract

infection. There were also seven LTRs with more than two sites of

infection. All LTRs had no MDR GNB infection before transplantation.1

Table 1 summarizes the demographic and clinical characteristics

of the study. Most recipients were male (31/42, 73.8%), the average

age was 54.2 ± 13.4 years, and the average weight was 64.7 ±

14.6 kg. Liver tumours were the most common indications for liver

transplant (20/38, 52.6%), followed by hepatitis B virus-related

decompensated cirrhosis (9/38, 23.7%). The average Acute Physiol-

ogy and Chronic Health Evaluation (APACHE) II score and Charlson

comorbidity score were 22.5 ± 7.4 and 4.7 ± 2.0, respectively. The

incidence of septic shock was 52.4%, and the percentage of patients

receiving mechanical ventilation, renal replacement therapy (RRT),

vasoactive drugs, or calcineurin inhibitors (CNI) before PMB initiation

was 59.5%, 33.3%, 61.9%, and 50.0%, respectively.

3.2 | Microbiological characteristics and PMB
therapy

A total of 86 bacterial strains were isolated; 53.5% (46/86) were

Acinetobacter baumannii, and 45.3% (39/86) were Klebsiella pneumoniae.

All isolated strains were resistant to carbapenems but displayed suscepti-

bility to PMB. The MICs of PMB were ≤0.5 mg/L (58/86, 67.6%).

All LTRs with MDR GNB infection were treated with a combination

of PMB-containing regimens. Eleven of these recipients were switched

to PMB after failure of conventional anti-infective therapy. In most cases,

PMB was combined with tigecycline (15/42, 35.7%), beta-lactam/beta-

lactamase inhibitors (16/42, 38.1%) or high-dose carbapenems (26/42,

61.9%); 61.9% of LTRs received two-drug combinations, and 38.1%

received three to four-drug combination therapy. PMB was adminis-

trated in a loading dose of 2.5 mg/kg, and then 2.3 ± 0.4 mg/kg as the

average daily maintenance dose for a median duration of 13.5 days

(range, 8.0–18.0 days). The median time from the onset of infection to

the initial treatment was 27.0 h (range, 4.0–96.0 h).

3.3 | Outcomes

Clinical cure with PMB was observed in 27 recipients (64.3%), and the

30-day all-cause mortality rate was 31.0% (13/42). The percentage of

F IGURE 1 Flowchart of the inclusion process of LTRs. LTR, liver transplantation recipient; PMB, polymyxin B
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LTRs who achieved clinical cure also survived at 30 days was 92.6%

(25/27). Of the recipients who died, only nine cases (69.2%) were

attributable to infection, and the rest died from malignant arrhythmia,

pneumothorax, and multiple organ failure. Compared to uncured LTRs,

the rates of mechanical ventilation, RRT, and use of vasoactive drugs

were significantly lower in cured recipients. Additionally, recipients

TABLE 1 Characteristics and outcomes of liver transplant
recipients treated with polymyxin B against multidrug-resistant Gram-
negative bacteria infections

Variable Total (n = 42)

Male, n (%) 31 (73.8)

Age (years) 54.2 ± 13.4

Weight (kg) 64.7 ± 14.6

Causes of transplantation (n = 38)a

Tumour, n (%) 20 (52.6)

Hepatitis B virus, n (%) 9 (23.7)

Graft failure, n (%) 3 (7.9)

Alcoholic cirrhosis, n (%) 2 (5.3)

Other, n (%) 4 (10.5)

Clinical characteristic

Meld-Na before liver transplant (n = 38) 17.0 (9.5–26.0)

APACHE II score 22.5 ± 7.4

Charlson comorbidity index 4.7 ± 2.0

Charlson comorbidity index ≥3, n (%) 37 (88.1)

Pitt bacteremia score (n = 16) 4.4 ± 2.8

Mechanical ventilation, n (%) 25 (59.5)

RRT before PMB administration, n (%) 14 (33.3)

Concomitant vasoactive drugs, n (%) 26 (61.9)

Concomitant CNI, n (%) 21 (50.0)

Septic shock, n (%) 22 (52.4)

Baseline laboratory variable

Haemoglobin (g/L), Median (IQR) 87.5 (78.0–98.0)

PLT (109/L), Median (IQR) 62.5 (30.5–125.3)

WBC (109/L), Median (IQR) 9.0 (4.6–15.4)

PCT (ng/mL), Median (IQR) 2.7 (1.0–11.4)

CRP (mg/L), Median (IQR) 64.9 (47.5–90.0)

BUN (mmol/L), Median (IQR) 15.3 (8.4–27.0)

SCr (μmol/L), Median (IQR) 81.0 (56.8–142.5)

ALB (g/L), Median (IQR) 35.0 (31.0–40.0)

TB (μmol/L), Median (IQR) 39.2 (21.4–155.1)

ALT (U/L), Median (IQR) 82.0 (27.8–244.8)

AST (U/L), Median (IQR) 38.0 (26.0–107.3)

Infection and PMB therapy

Infection pathogens, n (%)

Acinetobacter baumannii 46 (53.5)

Klebsiella pneumoniae 39 (45.3)

Pseudomonas aeruginosa 1 (1.2)

Single-site infection, n (%) 24 (57.1)

Bacteremia 3 (7.1)

Intra-abdominal infection 5 (11.9)

Pneumonia 16 (38.1)

Multisite infections, n (%) 18 (42.9)

Bacteremia ± Pneumonia 3 (7.1)

Bacteremia ± Intra-abdominal infection 2 (4.8)

Bacteremia ± Urinary tract infection 1 (2.4)

TABLE 1 (Continued)

Variable Total (n = 42)

Pneumonia ± Intra-abdominal infection 3 (7.1)

Pneumonia ± Urinary tract infection 2 (4.8)

Bacteremia ± Pneumonia ± Intra-abdominal

infection

6 (14.3)

Bacteremia ± Pneumonia ± Urinary tract

infection

1 (2.4)

Primary bacteremia, n (%) 8 (50.0)

Secondary bacteremia, n (%) 8 (50.0)

Donor liver 4 (25.0)

Abdominal 3 (18.8)

Respiratory 1 (6.2)

PMB therapy

Loading dose (mg/kg) 2.4 ± 0.3

Daily maintaining dose (mg/kg) 2.3 ± 0.4

Duration of therapy (days), Median (IQR) 13.5 (8.0–18.0)

Time to treatment initiation (hours), Median

(IQR)

27.0 (4.0–96.0)

Combination therapy, n (%)

Two-drug combinations 26 (61.9)

Three or four-drug combinations 16 (38.1)

Outcome

Clinical cure, n (%) 27 (64.3)

30-day all-cause mortality, n (%) 13 (31.0)

Microbiological eradication, n (%) 26 (61.9)

Time to microbiological eradication, Median

(IQR)

4.0 (3.0–7.0)

Adverse drug reaction

Acute kidney injury, n (%) 16 (57.1)

Stage 1, n (%) 6 (21.4)

Stage 2, n (%) 3 (10.7)

Stage 3, n (%) 7 (25.0)

Renal failure LTRs who needed RRT, n (%) 6 (21.4)

PMB dose adjustment, n (%) 12 (28.6)

Neurotoxicity, n (%) 2 (4.8)

Skin hyperpigmentation, n (%) 7 (16.7)

Note: Data are presented as mean ± SD, median (interquartile range, IQR),

or number [%].

Abbreviations: ALB, albumin; ALT, alanine aminotransferase; AST,

aspartate aminotransferase; CNI, calcineurin inhibitors; CRP, C-reactive

protein; BUN, blood urea nitrogen; PMB, polymyxin B; PLT, platelet;

WBC, white blood cell; PCT, procalcitonin; RRT, renal replace therapy;

SCr, serum creatinine; TB, total bilirubin.
aLiver transplant recipients readmitted to intensive care unit (n = 4).
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with septic shock had a lower clinical improvement rate (40.9%

vs. 90.0%, p = 0.001) and a higher 30-day all-cause mortality rate

(50.0% vs. 10.0%, p = 0.005) than recipients without septic shock

(Figure 2).

Microbiological eradication was observed in 26 recipients (61.9%)

(13 with pneumonia, 3 with bacteremia, 2 with intra-abdominal infec-

tion, and others with multisite infections), and the median time from

initial treatment to microbiological eradication was 4.0 days (range,

3.0–7.0 days).

Due to 14 LTRs receiving renal replacement therapy (RRT) before

PMB administration, only 28 recipients received nephrotoxicity

assessment. The incidence of AKI was 57.1% (16/28), stage 1 was

21.4%, and stage 3 was in six recipients who required RRT. Twelve

patients received an adjusted dose. Before discharge, eight patients

had a normal renal function, and one patient had no renal function

improvement. Seven patients died during PMB treatment and failed

to be observed for renal function recovery.

The incidence of neurotoxicity and hyperpigmentation was 4.8%

(2/42) and 16.7% (7/42), respectively. After PMB discontinuation,

neurotoxicity disappeared. Except for two recipients who died

during the treatment, the skin tone of the other recipients gradually

recovered after a few months of PMB discontinuation.

Logistic regression analysis showed that APACHE II score (OR,

1.203; 95% CI, 1.016 to 1.423, p = 0.032) was an independent risk

factor of 30-day all-cause mortality, whereas RRT (OR, 0.128; 95% CI,

0.019 to 0.860, p = 0.034) was independent risk factor affecting

clinical cure with PMB (Table 2).

4 | DISCUSSION

Bacterial infections are the most common complication among solid

organ transplant (SOT) recipients and are associated with higher mor-

tality.8 Throughout the first year after SOT, MDR GNB infection rose

p

p

F IGURE 2 Comparison of clinical cr and 30-day mortality of

polymyxin B between the LTRs with septic shock and non-septic
groups. Clinical cure in the septic shock group was 40.9% (9/22),
compared to 90.0% (18/20) in the non-septic group (p = 0.001). The
30-day mortality in the septic shock group was 50.0% (11/22),
compared to 10.0% (2/20) in the non-septic group (p = 0.005).
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dramatically from 4.8% to 38.8% over the last decade,3 but the treat-

ment options remained very limited. The guidelines or consensus rec-

ommend the combination therapy based on PMB, but there was no

study evaluating PMB application in LTRs. Hence, the present study

retrospectively analysed the efficacy and safety of PMB against MDR

GNB infection in LTRs for the first time.

In our study, clinical cure with PMB was observed in 27 recipients

(64.3%), consistent with previous literature.9,10 The failure of treat-

ment might be related to the timing of treatment initiation, the MIC of

PMB, multisite infection, and severe sepsis. A previous study pointed

out that delayed active treatment initiation was associated with

poorer outcomes of severe GNB bloodstream infections.11 Therefore,

we administered PMB as early as possible, and the median time from

the onset of infection to the targeted therapy was 27 h.

Recent studies also found that the MIC of a drug is an essential

factor affecting the efficacy. Even if PMB was sensitive and all

patients were given a weight-based dosage strategy, the probability

of target attainment (PTA) of PMB would decrease with the increase

of MIC value.12 Besides, in our study, multisite infections accounted

for 42.9%, with a clinical cure rate of 38.9%, which is less than the

overall cure rate (64.3%). One research also showed that the 30-day

mortality rate of patients with multisite infections was much higher.13

To obtain better drug efficacy, it is essential to optimize the thera-

peutic dose and strategy of PMB. Initiating with a loading dose was

necessary to achieve efficacious exposure as soon as possible. Without

a loading dose, exposure on day 1 was mostly one-third lower than on

day 4.14 The current dosing strategy is a weight-based regimen based

mainly on the population pharmacokinetics study by Sandri.14 How-

ever, other studies suggested that weight might not be an accurate pre-

dictor of PMB pharmacokinetic.12,15,16 Elias and colleagues' research

showed that a higher daily dose (≥200mg/day) of PMB for severe

infection could reduce in-hospital mortality.17 We adopted a weight-

based regimen in our practice, but a relatively higher PMB dose might

have been a better choice for critically ill recipients. When deciding a

dosage regimen, the PMB MIC of the pathogen must be considered.

One of the major concerns for PMB use in LTRs is the potential

nephrotoxicity and its narrow therapeutic window. AKI is a common

complication after liver transplant due to factors related to the recipi-

ent, the donor graft, and intraoperative and post-transplant events.5

In our practice, LTRs were treated with a loading PMB dose of

2.5 mg/kg, followed by 1–1.5 mg/kg infusion every 12 h regardless of

whether recipients had renal impairment or received RRT before PMB

administration. The incidence of AKI was 57.1%, which was similar to

previous studies.18,19 At present, the optimal dose of PMB in patients

with renal insufficiency is still in dispute. Sandri reported that creati-

nine clearance (CrCL) did not significantly influence the clearance of

PMB and suggested that dosing should not be adjusted in the setting

of renal impairment and RRT.14 In contrast, a new study showed that

PMB clearance significantly correlated with CrCL and suggested that

the dosage of PMB should be decreased by 33% for patients with

moderate renal insufficiency (30 ≤CrCL < 60ml/min).15 One study

found that a higher daily PMB dose was independently associated

with AKI.20 When sepsis patients with MDR GNB infection were

prescribed high-dose PMB (3 mg/kg/day), AKI incidence (58.1%) was

higher than those receiving standard-dose PMB. However, decreasing

the daily doses of PMB to avoid nephrotoxicity was not a viable option

because PMB administration less than 1.5–2.5 mg/kg/day would result

in subtherapeutic antibiotic exposure.21 Such subtherapeutic exposure

might have multiple detrimental effects, including the amplification of

PMB-resistant subpopulations and compromising clinical outcomes due

to inadequate drug exposure.22–24 In our study, the PMB dose was not

adjusted for LTRs with renal insufficiency before initiating treatment.

However, for LTRs who developed AKI during the treatment, the dose

was slightly reduced to avoid drug overexposure but was still higher

than 2 mg/kg/day. After the end of treatment, renal function recovered

in half of the patients. The benefits of high-dose PMB and the

increased risk of AKI must be weighed against the high mortality associ-

ated with MDR GNB infections as treatment failure in septic patients

often equates to mortality. Now some scholars emphasize the thera-

peutic drug monitoring (TDM) of PMB. A case report of an individual-

ized treatment against MDR GNB using TDM-guided medication of

PMB demonstrated that timely dose adjustment based on TDM could

improve clinical cure and reduce the incidence of acute kidney injury.25

The neurotoxicity of PMB is another major concern affecting its use.

Neurotoxic effects include circumoral paresthesia or numbness, tingling

or formication of the extremities, generalized pruritus, vertigo, dizziness,

and speech slurring. In our study, two patients (4.8%) who received PMB

developed neurotoxicity. One developed epilepsy and another had lip

numbness. The symptoms, however, resolved after PMB withdrawal. Our

findings showed that more attention should be towards patients with

impaired renal function as they represented a high-risk population.26

Finally, skin toxicity due to PMB was monitored regularly in all

LTRs. Using von Luschan Color Scale, we were able to find and quantify

skin tone changes timely to communicate with patients and provide

psychological counselling and humanistic care. The incidence of skin

hyperpigmentation in our study was 16.7%, and pigmentations were

mostly on the face and neck. Similar to previous reports, skin hyper-

pigmentation disappeared 3–6 months after PMB discontinuation.27,28

Some limitations to the present study should be noted. First, it

was a retrospective study which was subject to selection bias and

relied on medical record's accuracy. Second, there was no control

group to compare the findings. The small sample of LTRs included has

also limited the generalization of the concluded clinical data. Further

large-sampled clinical trials are required to obtain more reliable results

to test the efficacy of TDM dosage regimen for PMB and confirm the

advantage of PMB in MDR GNB infections.

5 | WHAT IS NEW AND CONCLUSIONS

This is the first study to evaluate the application of PMB in LTRs. We

demonstrated that PMB weight-based dosage regimen could be used

against MDR GNB infection in LTRs, with RRT being the independent

risk factor for a poor clinical outcome. Throughout the treatment

course, toxic reactions should be closely monitored, and the therapeu-

tic dose should be based on the balance of efficacy and toxic reaction.
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