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ARTICLE INFO ABSTRACT
Keywords: Objectives: To evaluate the radiological imaging-guided severity along the pneumonia course and
Pediatric evaluate the chest computed tomography (CT) findings of chemotherapy-related pneumonia in

Acute lymphoblastic leukemia
Chest computed tomography
Pneumonia

Severity

children with acute lymphoblastic leukemia (ALL).

Materials and methods: A retrospective database review of children with ALL was conducted from
March 2016 to August 2021 to identify cases with CT images who developed pneumonia during
the chemotherapy course. A total of 51 children with ALL developed pneumonia were ultimately
included (31 boys and 20 girls, mean age: 6 + 4 years [standard deviation]). Each child’s de-
mographics, medical records, and laboratory results were collected. The CT images were then
reviewed and the radiologic severity index (RSI) was calculated based on the regional opacity and
implicated volume. A t-test, U test, Pearson’s Chi-square test, and Fisher’s exact test were per-
formed to compare the clinical or radiologic features between the severe and moderate cases. The
linear regression models were employed to analyze the correlation of RSIs with other clinical
features.

Results: Eleven children (22 %, 11/51) displayed severe phenotypes associated with respiratory
failure. The ground glass opacity (GGO) frequently appeared (65 % of CT images). The baseline
RSI was positively associated with the lowest lymphocyte (p = .003), neutrophil (p = .01) counts,
and the highest C-reactive protein level (p = .04). The peak RSI may predict severe phenotypes at
a cutoff of 4.5 (AUC 0.76 [0.61, 0.91]) with 73 % sensitivity and 63 % specificity.

Conclusion: The chest CT images of children with chemotherapy-related pneumonia displayed
clinically related baseline RSI and a peak RSI of >4.5 of 36 predicted severe phenotypes.
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1. Introduction

Abbreviations

ALL acute lymphoblastic leukemia;
RSI radiologic severity index
TRM treatment-related mortality
GGO ground-glass opacity

PICU pediatric intensive care unit

WBC white blood cell or leukocyte

CRPC reactive proteinROC C reactive proteinROCreceiver operating characteristic
AUC area under the curve

CXRs chest radiographs

COVID-19 coronavirus disease 2019

HAP hospital-acquired pneumonia
ICUs intensive care units
VAP ventilation-associated pneumonia

The therapeutic strategies for pediatric acute lymphoblastic leukemia (ALL), the highest-incidence childhood malignancy [1], have
dramatically improved the overall survival rate of ALL children over the past two decades [2]. Treatment-related toxicity, on the other
hand, has been a widespread concern in oncology clinical practice [3,4], albeit that has been relatively less studied when compared to
the positive effects of treatments on the survival rate. Treatment-related mortality (TRM) has recently been reported in child
ALL-treatment clinical trials, ranging from 2 % to 5 % [5]. Infection is the most prevalent cause of TRM [6], and infection-related
mortality (IRM) accounts for 64-73 % of all TRM cases [6-10], possibly due to the predominantly immunosuppressive effect of
chemotherapy regimens. The evidence of infection sites revealed that 29-35 % of infections were respiratory, which is a higher ratio
than the bloodstream [11], gastrointestinal, and central nervous system infections [6].

Owing to its high sensitivity for early identification [12] and non-invasive nature to aid patients with severe bleeding and increased
infection risks [13], chest CT imaging is a standard procedure for the diagnosis and severity evaluation of respiratory infection. The
chest CT scan can also be rapidly applied for suspected cases with respiratory symptoms [14]. The severity of SARS-Cov2 infection
[15-17] and influenza H7N9 pneumonia [18] has been evaluated using semi-quantitative visual analysis of lung attenuation. The CT
severity of SARS-CoV2 infection was further categorized into three grades based on the severity score (full 25 points), as follows: mild
(<8/25), moderate (9-15/25), and severe (>15/25). The severe (>15/25) groups had significantly higher levels of inflammatory
markers, such as CRP and leukocytosis, when compared to the other two groups [17]. Another SARS-COV2 infection study revealed
that CT severity scores >18 (of 25) were associated with an increased mortality risk and could predict death in short-term follow-up
[19].

In adult patients with acute leukemia, the severity score (radiologic severity index, RSI) was also used to assess treatment-related
pulmonary infection [20]. The study found that each one-point increase in RSI was associated with a 7 % increase in mortality within
33 days. The highest (peak) RSI during pneumonia was associated with increased treatment costs, more time spent in the intensive care
unit, and a greater possibility of requiring mechanical ventilation [20]. The goal of this study was to assess the RSI of
chemotherapy-related pneumonia in ALL children and provide novel evidence for future studies and clinical practice.

2. Materials and Methods

The Research Ethics Committee at Shenzhen Children’s Hospital in China accepted the retrospective collection and assessment of
research subjects’ demographic, clinical, and radiologic data. Under the research protocol, we also obtained the waiver of informed
written consent for the patients and guardians (Protocol number JCYJ20220530155607018).

2.1. Patients

From March 2016 to August 2021, 295 children were diagnosed with ALL for the first time at Shenzhen Children’s Hospital. Of
them, 139 ALL children were treated with risk-based chemotherapy regimens of South China children’s leukemia Group (SCCLG-ALL-
2016, CCCG-ALL-2020) without delay by complications. The inclusion criteria were established by the diagnosis of clinical and
pathological evidence of ALL, as well as the availability of complete medical history records, clinical test results, treatment, and
radiological exams. The exclusion criteria included being partially or previously treated with chemotherapy before moving to our
center, systematic glucocorticoid usage a month before the chemotherapy schedule, any specific treatment before chemotherapy due
to infection or other complications, interruption of chemotherapy due to non-compliance, diagnosis of mature B-cell ALL, mixed
phenotype leukemia, secondary malignancy, chronic myeloid leukemia acute phase, accompanying immunodeficiency, or prior lung
diseases with remaining radiological signs. The research team carefully reviewed the demographics, chemotherapy and pneumonia
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clinical data, pathology results, and clinical test results of the selected ALL children. The entire chemotherapy process of 139 ALL
children was then reviewed. From the first diagnostic confirmatory CT until 3 months following the onset of pneumonia, clinical and
radiologic data from 51 children were obtained (31 boys and 20 girls, mean age: 6 + 4 years [standard deviation]). The clinical data
collected from the institutional database included the leukocyte count (baseline) on the day the first chest CT confirmed the diagnosis
of chemotherapy-related pneumonia, the lowest counts of hematocytes (i.e., lymphocytes, neutrophils, erythrocytes, or platelets), and
the liver panel (i.e., albumin, globulin, or C-reactive protein [CRP]) throughout pneumonia. ALL children with major clinical mani-
festations or respiratory failure treated in the pediatric critical care unit (PICU) with respiratory assistance or ventilation were
considered "severe cases". The “moderate cases” had less intense clinical progress and were managed in the pediatric unit without
ventilation.

2.2. CT protocol

The GE optima680 64-row CT scanner was utilized with patients in the supine position to scan from the lung apex to the lung base.
Scanning parameters: Detector collimation width of 40 mm, layer thickness of 5 mm (<3 years old, 3-7 years old) and 7.5 mm (>7
years old), spiral pitch of 0.984/1, speed of 0.5s, tube voltage of 100-120 kV with automatic tube current modulation, matrix of 512 x
512, FOV of 200-350. Standard algorithm reconstruction was employed, with a reconstructed slice thickness of 1.25 mm (lung
window: window width 1000 HU, window level —500 HU; Mediastinal window: Window width 350 HU, window position 40 HU). For
non-cooperative pediatric patients, sedation was administered using chloral hydrate at a dose of 2 mL/kg, not exceeding a maximum of
10 ml.

The median CTDIvol (DLP) was 2.57 mGy (60.01 mGy cm).

2.3. Radiologic evaluation and severity score

Thin-section CT scans were reviewed independently by two experienced radiologists (CWG and YWH, with 19 and 15 years of
experience in chest imaging, respectively) with blinded patient identification and clinical information. The final decisions of diagnosis
and severity were determined by consensus. With reference to the Fleischner Society Thoracic Imaging Glossary [21], the images of
ALL children with pneumonia symptoms were evaluated for the presence of the following findings: ground-glass opacity (GGO—a
slight increase in attenuation without concealing underlying vessels and airway walls), consolidation (dense opacification with
obscured broncho vascular margins), nodules (small rounded opacities), interstitial thickening, airway signs (stagnation, airway
dilatation, or tree-bud sign), and the extrapulmonary lesions (pleural effusion or thoracic lymphadenopathy). The RSI score was
calculated by multiplying the opacity (GGO or consolidation) and the involved percentage of six zones (i.e., bilateral upper, middle, or
lower zones) [20]. A GGO was worth one point, whereas a dense cluster of nodules was worth two points. The percent areas were
defined as zero points for no opacity change in one zone, one point for 1-24 % opacity area, two points for 25-50 %, three points for
51-75 % area, and four points for >76 % area involved. The final RSI was calculated by adding the scores from six zones, which varied
from 0 to 36. The baseline RSI was the score of confirmatory chest CT for pneumonia. The peak RSI was the highest RSI score during
pneumonia treatment. The delta RSI represented the difference between the baseline and peak RSI values. The RSI varying rate was
defined as the ratio of score increment from baseline RSI to peak RSI and the interval (days).

A four-point visual grading system(VGS) based on comparisons of the brightness of the liver with those of hepatic vessels on
unenhanced CT images was developed as follows: grade 0 (GO; hepatic vessels showing lower attenuation than the hepatic paren-
chyma, with no or minimal margin blurring in less than one-third of the liver), grade 1 (G1; hepatic vessels showing lower attenuation
than hepatic parenchyma but with margin blurring in more than one-third of the liver), grade 2 (G2; hepatic vessels showing the same
attenuation as hepatic parenchyma), and grade 3 (G3; hepatic vessels showing higher attenuation than hepatic parenchyma) [22,23].

2.4. Statistical analysis

The mean + standard deviation (SD) or median (interquartile spacing) for continuous variables and case number (percent) for
dichotomous variables were applied to summarize patient demographic and clinical test data. The statistical software SPSS26.0 (IBM,
Armonk, NY, USA) was used to examine the group comparison (both severe and moderate cases), with Student’s t-test or Man-
n-Whitney U test for continuous data and Pearson %2 test or Fisher’s exact test for categorical data. The binary logistic regression
models using Prism (GraphPad, Boston MA, USA) were built to associate predictor variables with “severe case” phenotype, calculate
the area under the receiver operating characteristic (ROC) curve, and define the optimal cutoff as the value with the maximum sum of
sensitivity and specificity. Multivariate logistic regression models correlated the RSI scores and clinical test data, and p < .05 was set to
reach statistical significance. The intraclass correlation (ICC) was calculated to evaluate the consensus between two radiologists.

3. Results
3.1. Patient characteristics
A total of 139 ALL children without prior pulmonary infection before chemotherapy were pre-selected. The study comprised 51

(51/139, 37 %) subjects who developed pneumonia after undergoing chemotherapy (31 boys and 20 girls, mean age: 6 + 4 years
[standard deviation]). Pneumonia struck 30 children (59 %) during induction, 3 (6 %) during consolidation, 13 (25 %) during
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reinduction, 3 (6 %) during the first interphase, and 3 (6 %) during maintenance. Chemotherapy-related pneumonia occurred in 37 %
of patients (51/139). Fig. 1 depicts the enrollment and case selection processes. Based on the integrated risk stratification of pediatric
ALL, ten children (10/51, 20 %) were classified as standard risk (SR), 35 (69 %) as high-risk (HR), and 6 (12 %) as very high-risk
(VHR). The mean time from the initiation of chemotherapy to the onset of pneumonia was 109 days (17-592 days). Few patients
showed positive findings from bacterial, fungal, viral, or mixed infections. Some children suffered from productive cough and chest
pain. A few developed progressive shortness of breath. The breath sound became more intense, and the scattered rales or wheezes
could be heard. Respiratory depression was recorded in severe instances. Several children displayed low absolute neutrophil count
(41/51, 80 %, ANC <0.5 x 109/L), anemia (27/51, 53 %, erythrocytes <3 x 1012/L), thrombocytopenia (28/51, 55 %, platelets <70
X 109/L), and hypoalbuminemia (32/51, 63 %, serum albumin <35 x 10°/L) within a certain time period. Nineteen cases (19/51, 37
%) remained in low ANC status over 7 days. Most children had normal serum globulin levels (>20 g/L). Table 1 lists the demographic
and clinical features of the enrolled children. Among the 51 children, 11 (22 %) required respiratory assistance in the PICU due to
worsening hypoxia and respiratory distress, which were categorized as severe cases (Fig. 2), and one (2 %) died from complicated heart
failure. The remaining 40 cases were defined as moderate (Fig. 3).

3.2. Chest CT findings of chemotherapy-related pneumonia

The pathologic involvement of alveoli (ground glass shadow, GGO), interstitia (interlobular septal thickening, interlobular line, or
central lobular shadow), and airways was exhibited by pulmonary imaging results in the youngsters (such as gas retention, bronchial
wall thickening, bronchiectasis, or tree bud sign). The most widespread lesions were alveolar (n = 33 [65 %], peak RSI 5 [3-16]),
followed by interstitial lesions (n = 6 [12 %], peak RSI 2 [1-3]) and airway lesions (n = 7 [14 %], peak RSI 2 [1-3]). The GGO was the
most common finding (33/51, 65 %); patchy solid shadow (18/51, 35 %); and nodular shadow (15/51, 30 %) were also observed. The
median number of CT exams was 5 (2-7) per case. Ten cases demonstrated a single lesion (a nodule, an area of consolidation, a lumpy
area, or a GGO). The remaining cases (41/51) displayed multiple focal lesions with bilateral lung dissemination. The most prevalent
observation of intra-thoracic non-pulmonary symptoms was pleural effusion (11/51, 22 %). Hepatic steatosis was also found to be
associated with extra-thoracic abnormalities (23/51, 45 %). Eight of the patients had a visual grade of G2 and 15 had a grade of G3.
Table 2 displays the intra-thoracic CT findings with the case number of involvement.

3.3. Radiologic severity evaluation and clinical relevance

Two radiologists evaluated 328 chest CT scans from 51 ALL children with RSI scores. The ICC was 0.98 (95 % CI 0.974-0.985). The
“severe cases” with pneumonia received a median of 7 chest CT exams throughout the therapy duration, whereas the “moderate cases”
received a median of 4. Most subjects had a baseline RSI of <7 (47/51, 92 %). The peak RSI had a broader and higher score distribution
than the baseline RSI (Fig. 4). Only 12 ALL children (24 %) had a positive value of delta RSI, indicating that the radiologic signs were
progressing despite the treatment. The remaining cases (39/51, 77 %) maintained a peak RSI equal to the baseline RSI. The baseline
RSI was positively associated with the lymphocyte counts (r = 0.41; p = .003) and the ANC (r = 0.35; p = .01) (Fig. 5). The cutoff

N=295 patients diagnosed
with ALL
N=156 (53%) patients
excluded with pneumonia
o prior to induction
/ chemotherapy
N=139 patients were
accepted and received
chemotherapy
N=88 (63%) patients
| excluded without
pneumonia after
A chemotherapy
N=51 patients with
pneumonia diagnosed after
induction start date
N=0 patient excluded
= | with no positive
v o pulmonary imaging
findings
N=51 patients with
pneumonia and at least
one positive pulmonary
imaging findings

Fig. 1. The flow chart of retrospective case enrollment for chemotherapy-related pneumonia of children with acute lymphoblastic leukemia.
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Table 1
Demographics and clinical characteristics of severe cases and moderate cases of chemotherapy-related pneumonia in children with acute lympho-
blastic leukemia (ALL).

ALL Children with chemotherapy-related pneumonia

Severe cases Moderate cases p value
Age (year) 5.5 (3.8-9.4) 4.5 (2.9-7.8) 271
Sex(n)
Male 8 23 .570
Female 3 17
BMI 18.37 +5.46 19.01 + 4.46 722
Type of ALL(n)
T lineage-ALL 1 4 1.000
B lineage-ALL 10 36
Risk stratification (n)
Very high risk (VHR) 1 5 .670
High risk (HR) 9 26
Standard risk (SR) 1 9
Fusion gene (n)
Positive 6 17 712
Negative 5 23
Leukocyte (109/L) 0.54(0.42-1.44) 0.51(0.28-1.07) 716
Lymphocyte (10°/L) 0.24(0.17-0.33) 0.37(0.21-0.74) .200
*ANC (10°/L) 0.23(0.07-0.62) 0.05(0.02-0.32) .245
Erythrocyte (10'%/L) 2.96 + 0.52 4.76 + 5.79 .327
Platelet count (109/L) 67.29 + 63.56 54.59 £+ 61.10 .559
Albumin (g/L) 31.8(29.3-38.2) 29.5(26.6-35.5) .547
Globulin (g/L) 22.10 + 3.75 21.34 £ 4.34 571
Neutrophils lack time (d) 8.5 (2.3-23.0) 10.0(4.0-13.8) .636
Procalcitonin (ng/mL) 0.20(0.09-1.15) 0.63(0.21-1.62) 673

Categorical variables were shown as counts (n) and analyzed with Fisher exact test or X2 test. Continuous variables were described as mean +
standard deviation for normally distributed data and analyzed with a student’s t-test between the severe and moderate cases. The skewed continuous
data shown as median (interquartile range) was analyzed with the Mann-Whitney U test between two groups. *ANC: absolute neutrophil count.

criteria for leukocyte counts were then purposefully set lower or higher than 0.5 x 10%/L or 1.0 x 10°/L for further investigation. When
the leukocyte counts exceeded 1.0 x 10°/L (n = 15), the linear relationship between lymphocyte counts (r = 0.82, p < .001) or ANC (r
=0.61, p < .001) and baseline RSI was more vital (Fig. 4). If the leukocyte counts higher than 0.5 x 10°/L were examined, the linear
regression between lymphocyte counts (r = 0.76, p < .001) or ANC (r = 0.61, p < .001) and baseline RSI remained robust (Fig. 5).
Another systematic marker, CRP, exhibited a similar relationship with baseline RSI, with the highest CRP levels found to be positively
associated with leukocyte counts >0.5 x 10°/L (r = 0.47,p=.03)or 1.0 x 10°/L (r = 0.63, p =.04) (Table 3; Fig. 4). We analyzed the
delta RSI with a leukocyte count >1.0 x 10°/L. The delta RSI was zero in all 15 ALL children with leukocyte counts >1.0 x 10°/L. The
12 ALL children with a positive delta RSI value all had a low leukocyte count (<1.0 x 109/L, n = 36). Therefore, the subset with a
leukocyte count >1.0 x 10°/L had a lower (p = .01) portion of progressive pneumonia.

3.4. Radiological findings of severe cases

The severe and moderate cases were similar when we focused on the individual radiologic signs without RSI scores (Table 4).
However, the peak RSI was higher (p = .01) in severe cases (n = 11) than in moderate cases (n = 40). The distribution of peak RSI in
severe cases was right-shifted in Fig. 6. A binary logistic analysis found that peak RSI was positively linked with the occurrence of
severe pneumonia (OR = 1.15, 95 % CI 1.02-1.29, p = .02) when “severe cases” were selected as the “positive outcome”. When
compared to delta RSI (AUC: 0.54) or baseline RSI (AUC: 0.68), peak RSI had the widest area under the ROC curve (AUC: 0.76 [0.61,
0.91], optimal cutoff: 4.5) (Fig. 6). Using 4.5 as the cutoff peak, RSI yielded a sensitivity of 73 % and a specificity of 63 % for the severe
phenotype of chemotherapy-related pneumonia.

4. Discussion

In pediatric oncology practice, chemotherapy-related pneumonia was not uncommon in children with ALL. Our findings indicated
that approximately 37 % of all cases among the children receiving first-time chemotherapy were complicated by pneumonia, and 80 %
of these children with pneumonia temporarily experienced neutropenia. GGO, an alveolar pathologic sign, appeared in approximately
64 % of all chest CT images. The clinical course of pneumonia was non-progressive in 76 % of cases, with peak RSI equal to the baseline
RSI. Those with baseline leukocyte counts >1.0 x 10°/L showed a decreased risk of acquiring progressive pneumonia (delta RSI equal
to zero). In severe cases, the peak RSI was higher than that in moderate cases. Peak RSI, with a threshold value of 4.5, a sensitivity of 73
%, and a specificity of 63 %, may predict severe phenotypes owing to respiratory failure.

Our clinical test data were consistent with the UKALL2003 trial (74 % of neutropenic patients and 35 % of infections were res-
piratory). Our subjects possibly had a higher IRM (a short-term respiratory IRM, 2 %) against the UKALL2003 trial (a 5-year total IRM
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Fig. 2. a 13-year-old boy presented fever, a runny nose, and cough during reinduction phase of chemotherapy. The baseline RSI (radiologic severity
index) of chest CT was 2 (of 36). The five-day treatment of cephalosporin alone did not improve the symptoms. He developed shortness of breath on
the sixth day and the peak RSI of chest CT was 26 (of 36). The BAL (bronchoscopy and bronchoalveolar lavage) was positive of Pneumocystis jirovecii.
Since then, he was treated in the PICU (pediatric intensive care unit) with respiratory supports, imipenem, vancomycin, and voriconazole. After 10
days of combined treatment of antibacterial and antifungal drugs in the PICU, his lung lesions in CT imaging were absorbed. (a) Axial thin-section
unenhanced CT scan shows diffuse bilateral patchy consolidation and ground glass shadows with a peak RSI. (b) Coronal thin-section unenhanced
CT image shows bilateral lesions of upper, middle, and lower lung zone. (c) With intensive treatment, the repeated axial CT scan image shows the
complete recovery of lung attenuation.

of 2.4 %) [6]. Garcia et al. investigated 716 adult leukemia patients, concluding those who developed pneumonia during chemo-
therapy (21 %), which was lower than the incidence (36 %) in our study subjects. Adult ALL exhibited a lower incidence (7.1 %
[2.3-11.8 %]) of treatment-related pneumonia than adult acute myelogenous leukemia (AML, 21.6 %) and myelodysplastic syndrome
(MDS, 29.4 %) [24]. Nevertheless, Sheshadri et al. found that adult ALL with treatment-related pneumonia had higher mortality
(10/12) than AML (86/177) and MDS (3/10) [20], all of which being significantly higher than the mortality (1/51, 2 %) in our study
subjects. As a result, although chemotherapy-related pneumonia was the most important determinant of early mortality in adult
leukemia [24], pneumonia in ALL children showed a lower rate of severe outcome (22 %) and mortality (2 %), based on the findings of
the present study.

The radiologic severity score is a practical method to evaluate and trace pulmonary involvement during pneumonia. Using a
severity score, a study of SARS-COV2 infection during the early COVID pandemic dynamically recorded the increasing opacity volume
during the 10 days from symptom onset [15]. The semi-quantitative visual evaluation by two experienced radiologists was reliable,
and the severity scores correlated with the clinical manifestation. The Ufuk’s group also concluded that, with an AUC of 0.816, a cutoff
of 6.5 (of 20), a sensitivity of 77 %, and a specificity of 82 %, the semiquantitative score could differentiate between limited and
extensive disease status of SARS-CoV2 infection [23]. The Sheshadri group noted that peak RSI could predict mortality of
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Fig. 3. a4-year-old girl presented fever and cough during induction phase of chemotherapy. The CT imaging confirmed the diagnosis of pneumonia
with the baseline RSI (radiologic severity index) of 2 (of 36). Within a 15-day antibacterial treatment, she gradually recovered with a peak RSI of 2
(of 36). (a) Axial thin-section unenhanced CT image shows ground glass opacification (black arrow) in the middle lobe of the right lung with the
baseline RSI of 2 (of 36). (b) Her lung lesion was fully absorbed in the axial CT image on the 16th day during pneumonia.

treatment-related pneumonia with an AUC of 0.82, a cutoff of 37.5 (of 72), a sensitivity of 79 %, and a specificity of 71 % [20].
Francone’s group concluded that CT parenchymal assessment of SARS-CoV2 lungs may better predict short-term outcomes than
non-specific inflammatory biomarkers [19]. Moreover, the direct visualization of anatomic injury and involved volume in CT images
could closely relate to the pathological condition. The greater the extent of pulmonary damage (higher RSI score), the higher the
possibility of developing hypoxia, which immediately results in death.

Most subjects in our study had relatively lower mortality, as one child (1/51, 2 %) died from complications. Hence, the RSI scores in
this study did not relate to mortality. Nonetheless, peak RSI could predict the severe phenotype associated with respiratory failure at
cutoff 4.5 (of 36), with optimal sensitivity, specificity, and AUC. Even when hematocyte insufficiency was induced by immunosup-
pressive treatment, the baseline RSI correlated with the lowest lymphocyte and neutrophil count. Chemotherapy-induced pneumonia
did recruit more immune cells in the peripheral blood. The higher the RSI, the more severe the clinical manifestations and immune cell
counts. Furthermore, with a relatively higher baseline leukocyte count (>1.0 x 10°/L), the positive association was more robust,
indicating that pneumonia-induced systematic inflammation was more significant, recruited more immune cells, contributed to higher
RSIs, and raised CRP levels. Pneumonic children with a higher baseline leukocyte count (>1.0 x 10°/L) had a lower possibility of
developing progressive pneumonia. Therefore, the baseline leukocyte count or the extent of immunosuppression may be a prognostic
factor for chemotherapy-related pneumonia.

Due to the complexity of clinical decision-making in diagnosing Community-Acquired Pneumonia (CAP), determining the presence
of parenchymal lung disease, which is a crucial factor in pneumonia diagnosis, relies on identifying parenchymal infiltrates on chest X-
rays (CXRs) [25]. CXRs offer vital information regarding the location, extent, and associated characteristics of pneumonia [26].
Nevertheless, the significance of radiographic abnormalities remains a subject of debate due to the substantial risk of either missing
CAP or overdiagnosing it [27,28]. Agreement among healthcare professionals, regardless of their experience and qualifications, is
consistently poor when it comes to identifying parenchymal infiltrates [29,30]. Additionally, the appearance of infiltrates may be
delayed, and the accuracy of chest radiographs can be compromised by the presence of coexisting comorbidities [31,32].CXRs have a
sensitivity of 43.5 % and a specificity of 93 % in detecting pulmonary opacities [33]. In the case of CAP, CT scans, considered the gold
standard, exhibit sensitivity and specificity levels of 66 % and 77 %, respectively. In studies involving hospitalized CAP patients, CT
scans detected up to 35 % of cases missed by initial CXRs [34]. For many patients with COVID-19, CT scans reveal pulmonary infiltrates
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Table 2
Chest CT findings of 51 ALL children with chemotherapy-related pneumonia (ALL, acute lympho-
blastic leukemia).

Cases, n = 51 (%)

Imaging findings

Present Absent
Pulmonary findings
Ground-glass shadow 33(64.7) 18(35.3)
Pulmonary opacity/infiltrate 31(60.8) 20(39.2)
Patchy 18(35.3) 33(60.7)
Lobar 4(7.8) 47(92.2)
Funicular 9(17.6) 42(82.4)
Air bronchial sign 5(9.8) 46(90.2)
Nodules 15(29.4) 36(70.6)
<5 mm 8(15.7) 43(84.3)
5-10 mm 4(7.8) 47(92.2)
>10 mm 3(5.9) 48(94.1)
Halo sign 6(11.8) 45(88.2)
Air meniscus sign 1(2.0) 50(98.0)
Interlobular septa thickened 5(9.8) 46(90.2)
Central shadow of lobule 2(3.9) 49(96.1)
Bronchiectasis 3(5.9) 48(94.1)
Airway gas retention 3(5.9) 48(94.1)
Intrathoracic non-pulmonary findings
Pleural effusion 11(21.6) 40(78.4)
Pleural thickening 6(11.8) 45(88.2)
Pericardial effusion 2(3.9) 49(96.1)
Mediastinal displacement 1(2.0) 50(98.0)
lymphadenopathy 6(11.8) 45(88.2)
Bone destruction 3(5.9) 48(94.1)
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Fig. 4. The distribution of the baseline and peak RSI (radiologic severity index) score in the 51 children with chemotherapy-related pneumonia and
the correlation between those scores and other clinical features of the children with a baseline leukocyte count over 1.0 x 10°/L. (a) The right-
skewed distribution of baseline and peak RSI in those 51 ALL children with a maximum peak RSI of 26 (of 36). (b) The baseline/peak RSI score
is positively corrected to the lowest lymphocyte count. (¢) The baseline/peak RSI score is positively correlated to the lowest neutrophil count. (d)
The baseline/peak RSI is positively correlated to the level of C reactive protein. *Note that those ALL children with a baseline leukocyte count over
1.0 x 10°/L experienced non-progressive pneumonia, and hence their baseline RSI score scores were equal to the peak RSI scores respectively. ALL,
acute lymphoblastic leukemia; WBC, white blood cell or leukocyte.

not visible on standard CXRs [35]. Therefore, while chest radiographs are commonly used in emergency CAP diagnoses, they are an
imperfect gold standard. CT scans are valuable complements to CXRs when radiographic findings are non-specific, when pulmonary
complications like empyema or cavitation are present, when there is suspicion of underlying conditions such as lung carcinoma, or
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Fig. 5. The baseline RSI (radiologic severity index) is positively correlated with both the lowest lymphocyte and neutrophil counts during
chemotherapy-related pneumonia. (a) The baseline RSI and lymphocyte count of the 51 ALL children are positively correlated. (b) The baseline RSI
and lymphocyte count are positively correlated in the 29 ALL children with the baseline leukocyte over 0.5 x 109/L. (c¢) The baseline RSI and
neutrophil count of the 51 ALL children are positively correlated. (d) The baseline RSI and neutrophil count are positively correlated in the 29 ALL
children with the baseline leukocyte over 0.5 x 109/L. ALL, acute lymphoblastic leukemia; WBC, white blood cell or leukocyte.

Table 3

The baseline RSI had a linear relationship with lymphocyte counts, neutrophil counts, or C reactive protein levels (RSI, radiologic severity index).
with Baseline RSI Lymphocytes Neutrophils C reactive protein
WBC>0 r 0.413" 0.350" 0.221
n=>51 p 0.003 0.01 0.17 (n = 40)
WBC>0.5 r 0.755 0.610° 0.465"
n =29 P <0.001 <0.001 0.03 (n = 23)
WBC>1.0 r 0.815" 0.614" 0.625"
n=15 p <0.001 <0.001 0.04 (n =11)

@ At the 0.01 level (two-tailed), the association was significant.
b At the 0.05 level (two-tailed), the association was significant.

when pneumonia is recurrent or non-resolving [36]. Although this supportive role of CT scans is presumed to apply to
hospital-acquired pneumonia (HAP) patients, conclusive evidence is lacking. Overall, CT scans enhance practitioner confidence in CAP
diagnosis. They offer a better assessment of lung involvement (detecting multifocal or bilateral localization), identifying complica-
tions, and approximating pathological changes.

It’s worth noting that recommendations for daily practice are primarily based on standard radiographs, despite the improvement in
CAP diagnosis through CT scans [25]. The adaptation and variation of treatment based on CT scan results remain a topic of debate.
Studies have indicated that initiating antibiotics in patients diagnosed with CAP via CT scan may positively impact their prognosis
[34]. The crucial concern is the increased radiation exposure associated with CT scans. In our study, the median CTDIvol (DLP)
measured 2.57 mGy (60.01 mGy cm), roughly equivalent to the annual natural radiation dose received by an average person.
Furthermore, advancements in reconstruction techniques have brought CT scan radiation levels down to those of standard chest
X-rays, ensuring satisfactory quality for meaningful studies [37].

Lung ultrasonography is now a common imaging method in emergency departments and intensive care units (ICUs). Its advantages
over CT scans include no radiation exposure, bedside accessibility, and reasonable diagnostic accuracy [38]. However, mastering this
technique can be challenging, particularly in mechanically ventilated patients. A systematic review revealed lung ultrasonography’s
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Patients, No.(%)

Imaging findings Severe cases Moderate cases p value
Pulmonary findings
ground-glass shadow
Yes 8 25 726
No 3 15
pulmonary opacity/infiltrate
Yes 6 25 732
No 5 15
nodules
Yes 3 12 1.000
No 8 28
Interstitial involvement
Yes 3 4 162
No 8 36
bronchiectasis
Yes 1 2 .526
No 10 38
Intrathoracic non-pulmonary findings
Pleural effusion
Yes 3 8 .684
No 8 32
Pleural thickening
Yes 0 6 .319
No 11 34
Pericardial effusion
Yes 1 1 .388
No 10 39
lymphadenopathy
Yes 1 5 1.00
No 10 35
Bone destruction
Yes 1 2 .526
No 10 38
RSI
Baseline RSI 4(3-6) 3(2-4) .057
Peak RSI 6(4-16) 4(2-6) .009
Delta RSI 0(0-6) 0(0-0) .590
RSI varying-rate 0(0-0.361) 0(0-0) .633

Date are n(%) and median (interquartile range). RSI, Radiologic Severity Index.
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Fig. 6. The peak RSI (radiologic severity index) scores of severe cases (n = 11) are higher than moderate cases and able to predict the severe
phenotype. (a) The distribution of peak RSI scores of severe and moderate cases. The distribution of severe cases’ score is right-shifted compared
with moderate cases. (b) ROC (receiver operating characteristic) curves of baseline RSI (yellow), peak RSI (red), delta RSI (black) and RSI varying-
rate (blue). Peak RSI has the best diagnostic performance to predict the severe cases (clinically associated with respiratory failure) with AUC of 0.76
([0.61, 0.91], optimal cutoff: 4.5). AUC, area under the curve.

sensitivity at 88 % and specificity at 89 %, with a 90 % probability of accurately diagnosing pneumonia [39]. Diagnosing
ventilation-associated pneumonia (VAP) through echography is more intricate, and only a limited number of observational studies
have addressed this thus far [39].
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This study was retrospective and single-centered. We may have some biased results due to the small sample size. The children
participating in the research with chemotherapy-related pneumonia were of Chinese ethnicity, and the results may not be repre-
sentative of other ethnic groups. The visual assessment of CT images could have been semi-quantitative and less precise than the
quantitative methods such as the digit image viewer [40].

In conclusion, chest CT images with radiologic severity scores that clinically correlated with lymphocyte/neutrophil counts, in-
flammatory markers, and predicted severe phenotypes may be used to evaluate chemotherapy-related pneumonia in children. This
study could draw the attention of researchers and oncologists to treatment-related toxicity, particularly in a pediatric population with
hematologic malignancies.
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