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Abstract

Objectives: Acute respiratory failure (ARF) is a common medical complication in patients with cervical traumatic
spinal cord injury (TSCI). To identify independent predictors for ARF onset in patients who underwent cervical TSCI
without premorbid respiratory diseases and to apply appropriate medical supports based on accurate prediction, a
nomogram relating admission clinical information was developed for predicting ARF during acute care period.

Methods: We retrospectively reviewed clinical profiles of patients who suffered cervical TSCl and were emergently
admitted to Qingdao Municipal Hospital from 2014 to 2020 as the training cohort. Univariate analysis was performed
using admission clinical variables to estimate associated factors and a nomogram for predicting ARF occurrence was
generated based on the independent predictors from multivariate logistic regression analysis. This nomogram was
assessed by concordance index for discrimination and calibration curve with internal-validated bootstrap strategy.
Receiver operating characteristic curve was conducted to compare the predictive accuracy between the nomogram
and the traditional gold standard, which combines neuroimaging and neurological measurements by using area
under the receiver operating characteristic curve (AUC). An additional 56-patient cohort from another medical center
was retrospectively reviewed as the test cohort for external validation of the nomogram.

Results: 162 patients were eligible for this study and were included in the training cohort, among which 25 indi-
viduals developed ARF and were recorded to endure more complications. Despite the aggressive treatments and
prolonged intensive care unit cares, 14 patients insulted with ARF died. Injury level, American Spinal Injury Association
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probability for ARF in a visualized form.

Impairment Scale (AIS) grade, admission hemoglobin (Hb), platelet to lymphocyte ratio, and neutrophil percentage
to albumin ratio (NPAR) were independently associated with ARF onset. The concordance index of the nomogram
incorporating these predictors was 0.933 in the training cohort and 0.955 in the test cohort, although both calibra-
tions were good. The AUC of the nomogram was equal to concordance index, which presented better predictive
accuracy compared with previous measurements using neuroimaging and AlS grade (AUC 0.933 versus 0.821,
Delong's test p<0.001). Similar significant results were also found in the test cohort (AUC 0.955 versus 0.765, Delong’s
test p=0.034). In addition, this nomogram was translated to a Web-based calculator that could generate individual

Conclusions: The nomogram incorporating the injury level, AlS grade, admission Hb, platelet to lymphocyte ratio,
and NPAR is a promising model to predict ARF in patients with cervical TSCl who are absent from previous respiratory
dysfunction. This nomogram can be offered to clinicians to stratify patients, strengthen evidence-based decision-
making, and apply appropriate individualized treatment in the field of acute clinical care.

Keywords: Cervical traumatic spinal cord injury, Acute respiratory failure, Inflammation, Malnutrition, Nomogram

Introduction
Patients who sustain cervical TSCI commonly experience
respiratory complications [1, 2]. ARF favored by progres-
sive myopathies of bulbar and expiratory muscle, serves
as one of leading causes that culminates in poor progno-
sis or even death [3], which compromise the life expec-
tancy for a patient with cervical TSCL

Injury level and severity to the cervical cord are con-
sidered main factors related to the development of res-
piratory complications, including ARF [4, 5]. These
parameters are regularly assessed by neuroimaging tools
and the American Spinal Injury AIS in clinical practice
[6, 7]. There is also evidence showing that the presence
of chronic respiratory diseases in patients with TSCI is
clinically associated with an increased risk of respiratory
failure [8]. It has been a consensus for the clinicians that
the ARF is quite frequent among patients with premorbid
history of respiratory diseases, and the early introduction
of proactive ventilatory managements, such as endotra-
cheal intubation, should be fully considered based on
evaluations [9]. However, clinicians often hesitate or even
fail to perform appropriate assistance to prevent ARF
in the patients who are lacking the evidence of endur-
ing chronic respiratory diseases because of the difficulty
in predicting the development of ARF by using current
clinical approaches. Meanwhile, the sudden and precipi-
tous functional defects in the respiratory muscle caused
by the cervical TSCI further add complexity to the accu-
rate prediction [6]. In this context, the accurate predic-
tion of AREF is pivotal to clinical practice and, ultimately,
to improving clinical outcome following cervical TSCI.

Over the past decades, numerous efforts have been
devoted to identifying risk factors to predict compli-
cations and outcomes following cervical TSCI. It is
believed that inflammatory response is the major path-
ogenic mechanism that is swiftly activated at the time
of primary injury and subsequently mediates secondary

injury within acute phase [10, 11]. As the major immune
components, neutrophils, lymphocytes, and monocytes
were reported to gradually infiltrate into the lesion site
post primary injury, participating in multiple patho-
physiological processes [12—14]. Inflammatory indices,
such as neutrophil to lymphocyte ratio (NLR), platelets
to lymphocyte ratio (PLR), or systemic inflammation
response index (SIRI), have emerged to play significant
roles in predicting clinical outcome of neurotraumatic
diseases, including TSCI [15]. Meanwhile, the major-
ity of patients with cervical TSCI are healthy individu-
als with a normal nutritional status prior to injury [16]
and may thus be adversely affected during acute stage
[17] with metabolic changes, including reduced basal
energy expenditure, increased nitrogen excretion, and
negative changes of several nutritional indicators [18].
Plasma levels of nutritional components, such as serum
albumin or creatinine, were decreased in patients of
TSCI during acute phase [17, 19, 20]. Besides, these
biochemical markers were able to interact with inflam-
mation reaction [21]. Because respiratory muscle are
susceptible to the imbalance of inflammatory condi-
tion and altered nutritional status [22], we assumed the
markers of inflammation and altered nutrition might
contribute to the early prediction of ARF following cer-
vical TSCI. However, very few validated models based
on the inflammation and altered nutrition parameters
have been established for predicting the onset of ARF
secondary to cervical TSCI.

Based on these considerations, this study retrospec-
tively reviewed clinical data of patients with cervical
TSCI who developed ARF but without chronic respira-
tory diseases. We aimed to investigate the novel risk
factors of ARF after primary injury of cervical TSCIL
In addition to the conventional neuroimaging and
AIS evaluation methods, our model was based on the
inflammatory and altered nutritional parameters on
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admission to predict the risk of ARF occurrence follow-
ing cervical TSCI with external validation.

Methods

Study Population

This study was conducted on two independent cohorts
of patients. We retrospectively reviewed the elec-
tronic medical data from patients with TSCI enrolled
in our institution between January 1, 2014, and Sep-
tember 30, 2020, as the training cohort. The insti-
tutional review board was approved by the Ethnic
Committee of Qingdao Municipal Hospital. The inclu-
sion criteria were as follows: (1) cervical TSCI; (2)
18 years old or above; (3) admitted to our institution
within 48 h post primary injury; (4) undergoing reha-
bilitation at our institution; and (5) complete data with
the baseline blood, neuroimaging and neurological
(AIS) assessments. Patients were considered ineligible
if they suffered (1) severe concomitant traumatic cer-
ebral injuries; (2) TSCIs related to other non-traumatic
pathologies such as infection or tumor; (3) a history
of previous stroke or dementia that leads to noncoop-
eration with neurological evaluation; (4) a history of
chronic respiratory diseases; (5) prior systemic diseases
such as renal failure, malignancy, or liver cirrhosis; (6)
incomplete or missing information. For external valida-
tion of the model, patients admitted to Binzhou Medi-
cal University Hospital between January 1, 2014, and
January 31, 2021, with cervical TSCI were retrospec-
tively collected as the test cohort in accordance with
the inclusion and exclusion criteria. The review board
was also discussed and approved by the by the Ethnic
Committee of Binzhou Medical University Hospital.

Clinical Variables Collection
The clinical variables were collected as follows:

1. Demographic data: age, sex, and smoking status.

2. Premorbid history: hypertension, chronic heart dis-
ease, and diabetes status.

3. Baseline characteristics of cervical TSCI: systolic
blood pressure (SBP), diastolic blood pressure (DBP),
heart rate (HR), causes of cervical TSCI, the level of
injury, and AIS classification on admission.

4. Surgical options for patients with cervical TSCI.

Presence of ARF was defined as an arterial oxygen satu-
ration of < 90% or a partial pressure of arterial oxygen of
< 60 mm Hg while breathing room air, and/or respiratory
acidosis (pH < 7.35 with a partial pressure of arterial car-
bon dioxide > 45 mm Hg).

Laboratory Parameters

Inflammatory markers, including white blood cell
(WBC), neutrophil count (NC), lymphocyte count
(LC), monocyte count (MC), and platelets volume, were
extracted from emergent test of complete blood count.
The NLR, PLR, and SIRI (defined as NC x MC/LC) were
calculated.

For nutritional variables collection, according to prior
study [23], a series of biomedical markers, including
Body Mass Index (BMI), Hb, serum creatinine (SCr), red
cell distribution width (RDW), albumin, and prealbu-
min, were determined to be reflective of nutritional sta-
tus. Further, we took NPAR into analysis, as it is a newly
indicator for prognosis combing both inflammatory and
nutritional parameters in several critical illness and may
serve predictive value in cervical TSCI.

Clinical Features Following ARF Occurrence and In-Hospital
Mortality

Patients who were diagnosed ARF were regularly trans-
ferred to intensive care unit (ICU) for special medical
care. The time from primary injury to ARF occurrence,
use of medical interventions (such as tracheostomy and
length of mechanical ventilation), length of ICU stays,
severe complications, and surviving patients with ARF
were also assessed.

Statistical Analysis and Predictive Model Creation
Categorical variables were represented as percentages.
Continuous variables were represented as mean =+ stand-
ard deviation or median with the interquartile range. The
comparisons of continuous variables were performed
using the ¢-test for normally distributed or the Mann—
Whitney U-test or nonnormally distributed continuous
variables checked by Kolmogorov—Smirnov statistics,
while y* test or Fisher’s exact test was used for categori-
cal variables. Univariate analysis was conducted to test
the impact of admission risk factors for ARF occurrence.
A forward stepwise multivariate logistic regression anal-
ysis was used to investigate independent predictors of
ARF occurrence, which included variables with p<0.2
from the univariate analysis. Odds ratio (OR) with 95%
confidence interval (CI) were represented as results. The
variance inflation factor (VIF) and tolerance were used to
check multicollinearity between variables.

We constructed receiver operative curve (ROC) and
the area under the curve (AUC) to measure the specificity
and sensitivity of models and their discriminative power
respectively, with values between 0.90 and 1.00 indicative
of excellent predictive discrimination [24]. To promote
model visualization, a nomogram based on independent
predictors from multivariate logistic regression model
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was established using R 4.0.1 for Windows. DynNom and
Shiny packages were exploited to generate an online cal-
culator (https://www.shinyapps.io/). The discriminative
ability of nomogram was tested by the concordance index
(C-index), and the 1000-repetition bootstrap resampling
strategy was used for optimistic correction. The calibra-
tion was confirmed by the Hosmer—Lemeshow test. All
statistical tests were two-tailed and p values<0.05 were
considered statistically significant.

Results

Demographic Data and Clinical Features

In the training cohort, 212 patients admitted to Qing-
dao Municipal Hospital between 2014 and 2020 with the
primary diagnosis as cervical TSCI, of whom a total of
162 patients were considered eligible for further analysis
(Fig. 1). Baseline characteristics are displayed in Table 1.
Mean age at the time of injury was 58.9+12.5 years, with

the majority of patients being men (75.3%). The most
common etiology of cervical injury was falling (56.8%),
followed by traffic accidents (37.7%), sports-related acci-
dents (3.7%), and other causes (1.9%), such as suicide or
occupational damage. Most patients were clinically diag-
nosed as incomplete injury of spinal cord injury (SCI)
with an AIS grade of C or D (82.7%). After admission, 117
(72.2%) patients were surgically treated within acute or
subacute phase, whereas 45 (27.8%) received consecutive
conservative treatments.

Of these patients, 26 (15.4%) developed ARF. As shown
in Table 2, the median time of ARF occurrence was
3 days post primary injury. Mechanical ventilation was
supplied to reverse hypoxemia and prevent respiratory
complications immediately after the ARF onset. Fifteen
patients (60%) received tracheostomy after the consensus
of at least two senior clinicians for enhanced mechanical
ventilation. Despite the intensive medical support, the

injury(TSCI)

212 patients suffered cervical
traumatic spinal cord

Incomplete data n=4

1.With head trauma or multiple trauma n=23

2.With chronic respiratory diseases n=6

3.Suffered prior systematic diseases or malignacy n=>5
4 Hospitalized more than 48 hours after onset n=12

46 patients excluded:

analyzing

162 patients were enrolled in

l

137 patients without acute
respiratory failure(ARF)

Fig. 1 Diagram of study design. ARF, acute respiratory failure

l

25 patients with acute
respiratory failure(ARF)
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Table 1 Comparison of demographic, clinical and laboratory characteristics of patients with cervical TSCI according
to the onset of ARF in training cohort

Male
Female

Without ARF

With ARF

Fall
Traffic accidents

Sports-related accident

Other causes

Hypertension
CHD
Diabetes
Smoker

122 (75.3) 102 (74.5) 20 (80.0)
40 (24.7) 35 (25.5) 5(20.0)
92 (56.8) 79(57.7) 13(52.0)
61(37.7) 53 (38.7) 8(32.0)
6(3.7) 322 3(12.0)
3(1.9 2(1.5) 1(4.0)
46 (284) 36 (26.3) 10 (40.0)
20(12.3) 18 (13.1) 2(8.0)
26 (16.0) 20 (14.6) 6(24.0)
39 (24.1) 33 (24.1) 6 (24.0)

0.162
0.742
0.243
0.992

SBP (mm Hg)?
DBP (mm Hg)“
HR (beats/min)©

133.31£19.66
79.00 (70.00, 85.25)
72.00 (68.00, 80.00)

133.88+£19.00
79.00 (70.00, 85.00)
72.00 (68.00, 80.00)

130.16£23.14
75.00 (61.00, 87.50)
72.00 (66.50, 80.00)

Cc4-C1 66 (40.7) 49 (35.8) 17 (68.0)

Cc4-C7 96 (59.3) 88 (64.2) 8(32.0)

Yes 16 (9.9) 13 (8.0) 3(1.9)

No 146 (90.1) 124 (76.5) 22 (13.6)
Complete 24 (14.8) 10(7.3) 14 (56.0)
Incomplete 138(85.2) 127 (92.7) 11 (44.0)

AorB 28 (17.3) 12 (8.8) 16 (64.0)

CorD 134 (82.7) 125 (91.2) 9(36.0)

Anterior surgery 64 (39.5) 58(42.3) 6(24.0)

Posterior surgery 53(32.7) 41 (29.9) 12 (48.0)
Conservative 45 (27.8) 38(27.7) 7(28.0)

WBC (10%/L)° 8.75 (6.45,11.23) 851 (6.37,11.06) 10.24 (7.84,12.15)
NC (10°/L) 6.71(4.98,9.47) 6.22 (4.66,9.22) 8.79 (6.60, 10.64)
LC (10%/L)° 1.15(0.82,1.74) 1.24(0.89, 1.84) 0.82(0.59,1.16)
MC (10%/L)°¢ 0.35(0.13,0.58) 0.35(0.15,0.58) 0.30 (0.06, 0.58)
Platelets (10%/L)° 200.50 (166.00, 250.25) 201.00 (168.00, 251.05) 190.0 (160.00, 235.50)
Scr (umol/L) 65.60 (54.13,72.74) 66.08 (54.69, 72.83) 66.80 (50.27, 68.82)
BMI (kg/m?) 2447 (22.65, 26.24) 24.22 (22.59, 26.26) 25.18(23.89, 26.12)
Hb (g/L)¢ 138.00 (126.00, 149.25) 139.00 (130.00, 150.50) 124.00 (109.00, 138.50)
RDW (fl)< 4325 (41.30, 45.40) 43.30(41.35,45.15) 42.80 (40.90, 46.45)
Albumin (g/dL)® 3.784+0.50 3.854+0.46 3384052

Prealbumin (mg/L)®
NPAR®
NLR®

257.00 (211.00, 303.00)
20.78 (17.94, 23.69)
5.93(3.17,10.35)

259.00 (211.00, 306.50)
20.10(17.19, 22.84)
5.20(2.63,9.44)

241.00 (214.00, 268.00)
25.56 (22.64, 28.26)
10.67 (6.05, 16.60)




Table 1 (continued)

ariable Total Without ARF With ARF p value
SIRI® 1.37 (0.64,3.18) 1.32(0.62, 3.15) 6.10 (2.38,12.09) 0.079
PLR® 165.30 (117.78,234.21) 152.94 (111.93,216.97) 23542 (168.59, 393.96) 0.001

AlS, American Spinal Injury Association Impairment Scale, ARF, acute respiratory failure, BMI, Body Mass Index, CHD, chronic heart disease, DBP, diastolic blood
pressure, Hb, hemoglobin, HR, heart rate, LC, lymphocyte count, MC, monocyte count, NC, neutrophil count, NLR, neutrophil to lymphocyte ratio, NPAR, neutrophil
percentage to albumin ratio, PLR, platelet to lymphocyte ratio, RDW, red cell distribution width, SBP, systolic blood pressure, SCI, spinal cord injury, Scr, serum
creatinine, SD, standard deviation, SIRI, systemic inflammation response index, TSCI, traumatic spinal cord injury, WBC, white blood cell

2 Mean=+SD
b Percentage (%)
¢ Median (25th, 75th)

Table 2 Clinical features of patients after ARF onset

ariables Values

Time of ARF, median (IQR) (d) 3.0(2.0,8.0)

Complications during ICU stay, n (%)
Pneumonia 18 (72.0)
Acute respiratory distress syndrome 14 (56.0)
Renal dysfunction 5(20.0)
Coagulopathy 7 (28.0)
ICU length of stay, median (IQR) (d) 13.0 (3.5, 30.0)
Tracheostomy, n (%) 15 (60.0)
Length of mechanical ventilation, median (IQR) (d) 12.0(5.0,29.5)
Died in the hospital, n (%) 14 (56.0)

ARF, acute respiratory failure, ICU, intensive care unit, IQR, interquartile range

majority of these patients eventually developed pneumo-
nia (72%) or severe organ complications, including acute
respiratory distress syndrome (56%), coagulopathy (28%),
and renal dysfunction (20%). The median length of ICU
cares was 12 days, and 14 individuals (56%) died during
this period. In contrast, only two patients died in hospi-
talization of non-ARF-related complications.

The univariate analysis revealed risk factors of ARF
using characteristics at the time of admission. Patients
with high level of cervical injury (C1-C4) and AIS grad-
ing of A or B had high risk of ARF occurrence (p =0.003,

p<0.01 respectively). Other demographic variables,
including sex, premorbid history of hypertension or
chronic heart diseases, smoking status, diabetes, causes
of primary injury, measurements of blood pressure and
HR, and the types of treatments, showed no statistical
relationship with ARF. For laboratory tests, such patients
with ARF were recorded to have higher admission WBC,
NC, NLR, PLR, and SIRI, but lower levels of LC, MC,
and platelets volume. Meanwhile, undernutrition status
was generally observed in patients with lower admission
levels of Hb, RDW, albumin, and prealbumin. NPAR as
a marker combining parameters from complete blood
count and biochemistry analysis was also found to be
higher in patients with ARF. These blood variables were
introduced in the multivariate analysis, along with injury
level and AIS grades.

Predictors for ARF and Model Development

Table 3 shows the independent predictors of ARF. Finally,
after multivariable adjustment, five predictors remained
significant in multivariate logistic regression analysis.
Injury level above C4 (OR=5.796, 95% CI 1.646-20.404),
grade A or B of AIS (OR=10.540, 95% CI 2.995-37.090),
lower Hb (OR=0.965, 95% CI 0.936-0.995), and higher
PLR (OR=1.006, 95% CI 1.002-1.011), as well as NPAR
(OR=1.172,95% CI 1.022-1.344) predicted an increased
risk of ARF. Multicollinearity diagnostic tests showed

Table 3 Multivariate logistic regression analysis for predictors of ARF development using variables known at the time

of admission

Risk factors B Standard error
Level of TSCI (C4-C1) 1.757 0.642

AlS (A or B) 2355 0.642

Hb —0.036 0.016

PLR 0.006 0.002

NPAR 0.159 0.070

Constant —3.895 2671

Wald p value OR 95% Cl of OR
7488 0.006 5.796 1.646-20.404

13461 <0.001 10.540 2.995-37.090
5.052 0.025 0.965 0.936-0.995
8.080 0.004 1.006 1.002-1.011
5178 0.023 1172 1.022-1.344
2127 0.145 0.02

AIS, American Spinal Injury Association Impairment Scale, ARF, acute respiratory failure, B, regression coefficient, Cl, confidence interval, Hb, Hemoglobin, NPAR,
neutrophil percentage to albumin ratio, OR, odds ratio, PLR, platelet to lymphocyte ratio, TSCI, traumatic spinal cord injury
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that the tolerance was>0.5 and the VIF was<10 for all
the predictors (Supplementary Table 1). Thus, a model
including these five independent predictors was devel-
oped to predict the onset of ARF in patients with cervi-
cal TSCI. We also constructed a nomogram, in which
a graphic score was statistically assigned to each of the
significant predictors for quick reference (Fig. 2). The
total points of summed scores referred to an individual
probability of ARF after cervical TSCI. We evaluated the
discrimination of the nomogram by calculating C-index,
which was 0.933, with optimistic correction by 1,000 rep-
etitions bootstrap strategy.

ROC curves regarding the discriminatory power of
the nomogram and the previous published measure-
ments are shown in Fig. 3a. Compared with the predic-
tive tools using radiological and AIS data (AUC 0.821,
95% CI 0.715-0.927), the results of DeLong’s test (Sup-
plementary Table 2) indicated significant improvement
for the new nomogram (AUC 0.933, 95% CI 0.887-0.980,
p<0.001). Figure 3c reveals the calibration plot com-
paring the prediction of ARF between the nomogram
prediction and actual observation. Following Hosmer—
Lemeshow test (p=0.686), the calibration plot proved
good predictive accuracy of this nomogram.

External Validation of the Nomogram

We performed a geographical validation by employ-
ing an independent cohort (Supplementary Table 3), in
which 56 patients were retrospectively enrolled. Accord-
ing to this data set, a total of nine patients who experi-
enced ARF were eligible for model validation (Table 4).
In Fig. 3b, based on DeLong’s test (p =0.034), the AUC
of the newly nomogram in the test cohort (AUC 0.955,
95% CI 0.905-0.991), which equated to C-index, was
also superior to previous published measurements (AUC
0.765, 95% CI, 0.554—0.975). The calibration plots exhib-
ited an acceptable agreement in the test cohort (Hos-
mer—Lemeshow test, p=0.291; Fig. 3d).

Online Calculator for Generating Risk of ARF Occurrence

A dynamic Web-based calculator was created accord-
ing to the results above (the access link is https://dynom
ogramscigdmh.shinyapps.io/DynNomapp/). For exam-
ple, assume there was a patient with a lower level of
injury (below C4) identified by neuroimaging and their
AIS grade was C, PLR value was 360, NPAR value was 36,
and admission Hb concentration was 103 g/L; the prob-
ability of ARF occurrence in this patient would be 59.8%
(95% CI 16.6—-91.7) based on our model (Fig. 4a, b).

0 30 60 90
POil’ltS L 1 1 1 ] 1 PR R ] ] 1 ]
>C4
Level of SCI . !
<C4
AorB
AIS | !
CorD
Hb I T T T T T T T T T T 1
160 130 100 70
PLR I T T T T T T 1
0 300 600
NPAR I T T T T T T T T T T T T T 1
10 16 22 28 34 40
TOtalPOintS [ L DL BLELELELN BRI BLELELNL BLRLL BLELELEL UL BN L BN BB |
0 60 120 180 240
0.4 0.6
Risk of ARF r T L s e T 1
0.050.1 0.20.3 0.5 0.70.8 0.90.95
Fig. 2 Nomogram for predicting ARF after cervical TSCl in training cohort. Five independent predictors were involved in this mode and each of
them was assigned with a graphic score. The sum of these five scores generated a plot on “total points” axis. The individual probability of ARF occur-
rence was summarized by drawing a vertical line from the “Total points” axis to “Risk”axis. ARF, acute respiratory failure, TSCl, traumatic spinal cord
injury
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Fig. 3 Discriminability and calibration curves of nomogram. Discriminability between newly developed nomogram and previous published
measurements was compared with ROC analysis in training cohort (@) and test cohort (b). The cut-off value of nomogram and traditional measure-
ments for predicting in training cohort was 25.6% (sensitivity 90.5%, specificity 88.0%) and 26% (sensitivity 91.2%, specificity 64.0%) while values

in test cohort was 18.4%(sensitivity 89.4%, specificity 100.0%) and 32.8% (sensitivity 93.6%, specificity 55.6%) respectively. AUC of the nomogram
showed significant enhancement in contrast to traditional measurements only composed injured level and AIS grade (0.933 versus 0.821, p <0.001)
in training cohort and (0.955 versus 0.765, p=0.034) in test cohort. Calibration curve presented prediction of ARF onset between the nomogram
prediction and actual observation. Hosmer-Lemeshow test indicated good prediction of our nomogram (p=0.686) (c), similarly in the test cohort
(p=0.291) (d). AIS, American Spinal Injury Association Impairment Scale, AUC, area under the receiver operating characteristic curve, ROC, receiver
operating characteristic curve

Discussion This study found that the five variables collected on
ARF is a devastating event after traumatic injuries to the = admission (injured level of cervical spine, AIS grades, Hb
cervical spine, and the triggers for ARF are multifactorial. ~ concentration, PLR, and NPAR) were significantly related
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Table 4 Clinical features of the external validation group

Without ARF (n=47)

With ARF (n=9)

Total (n=56)
Level of SCI
4-C1 15 (26.8)
4-C7 41 (73.2)
AIS
AorB 8(14.3)
CorD 48 (85.7)
Hb 136.00 (123.50, 146.00)
PLR 176.58 (119.61, 271.95)
NPAR 20.65 (18.35,23.39)

10(21.3) 5(55.6)
37 (78.7) 4(44.4)

3(64) 5(55.6)
44 (93.6) 4(44.4)

138.00 (130.00, 147.00)
174.29 (117.06, 253.23)
20.17 (16.90, 21.90)

123.00 (106.50, 129.50)
347.50 (118.93, 546.67)
25.60 (23.84, 26.83)

ARF, acute respiratory failure, AlS, American Spinal Injury Association Impairment Scale, Hb, Hemoglobin, NPAR, neutrophil percentage to albumin ratio, PLR, platelet

to lymphocyte ratio, SCI, spinal cord injury

to ARE, based on the logistic regression analysis. To our
best knowledge, this is the first study establishing a pre-
diction model for evaluating the risk of ARF in patients
with cervical TSCI, especially for those without history of
respiratory diseases.

Once the ARF emerged, patients were going to develop
severe organ complications, receive more intensive treat-
ments (mechanical ventilation or tracheostomy) and
prolonged ICU stay. In the current study, 26 individuals
developed ARF and 14 of them died despite ICU stay,
which further demonstrated the devastating outcome
related to the ARF. Clinically, the requirement for urgent
assistance to prevent respiratory failure in patients with
SCI is determined by the spine level and the severity of
primary injury [25]. The current practice for the ARF pre-
diction in the first 72 h post injury is to combine the neu-
roimaging and AIS examination results [26]. However,
the reliability of this method was poor because of the lack
of SCI expertise or the challenge to accurately evaluate
the patients with SCI from various primary injuries [26,
27]. This being the case, the quicker and more accurate
the prediction of ARF is, the more likely the patients will
benefit from appropriate clinical supports.

Recent publications highlighted that the biomarkers
are clinically useful to predict complications or prog-
nosis in severe illness but, in fact, there is variability
in the length of time it takes to attend the emergency
department and further variability in the time it takes
to perform clinical examinations. As a result, vari-
ous time points were described to withdraw biomark-
ers for analysis. Wilson and his colleagues [24] have
addressed the importance of the data obtained during
the initial injury period (within 3 days post primary
SCI), during which there is a significant demand for
acute therapeutic decision. Because the median time of
ARF occurrence observed was 3 days after cervical SCI,
we assumed that the ARF onset might be significantly

affected by the pathophysiological changes during acute
phase, and it was realistic to include the admission bio-
markers from patients who emergently attended to
our center within 48 h post primary injury for analy-
sis. In this period, acute inflammatory response was
activated around the lesion site and, subsequently, the
inflammatory cytokine levels increased [28]. Moreover,
it should be noted that the additional metabolic and
nutritional deficiencies exist among nearly two thirds
of individuals with SCI, which could cause respiratory
muscle atrophy [29, 30] and generate high risk of res-
piratory exhaustion. Further, accumulated evidence has
shown that the nutritional status is significantly per-
turbated by the presence of inflammatory reaction in
acute illness [31, 32]. Hence, the circulating biomarkers
reflecting the inflammation and malnutrition levels on
admission are promising to facilitate early prediction
of ARF in patients with cervical TSCI. Kwon et al. [33]
and Yang et al. [34] have discovered that several inflam-
matory markers were elevated in cerebrospinal fluid or
serum of patients with acute SCI, and serum albumin is
a classic biomedical indicator for evaluating nutritional
status [29]. However, the translational use of these
markers is weak in clinical practice. Ideal laboratory
biomarkers are described as less invasive, stably repro-
ducible, and easy to detect. Detecting specific markers
are technically demanding, time consuming, and, to
some extent, not as cost-effective as some laboratory
reagents or kits are required. In addition, the role of
serum albumin as an indicator of nutritional status has
also been largely questioned and diminished [31]. So, it
is doubtful for a clinician to use such results to make
prediction and take correct medical decisions in acute
phase.

Many previous studies suggested a combination of bio-
markers to predict complications or outcomes of TSCI.
However, given the clinical heterogeneity of patients with
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Fig. 4 The online calculator translated from nomogram for generating risk of ARF onset. a Numerical summary of prediction. b Model details of

TSCI and the lack of variables stratification, it is natu-
ral to question whether such combination would better
predict the ARF risk than the traditional gold standard
(neuroimaging and neurological grading). In response
to this, we had interests in investigating biomarkers
from complete blood count and biochemistry analysis
to build a predictive model for ARF because they are
routinely performed at the time of admission for each
patient. These tests are low-cost, and abnormalities were
simply obtained within few hours. We developed a pre-
dictive nomogram incorporating clinical gold standard

(neuroimaging + AIS) and independent markers from
routine blood tests. Compared with the predictive values
of gold standard, our nomogram showed better discrimi-
nation and calibration verified by DeLong’s and Hos-
mer—Lemeshow tests, respectively. Thus, we believed this
nomogram could serve as an effective tool to help clini-
cians to identify patients with cervical TSCI at increased
risk of ARF on admission and choose the appropriate
therapeutic plan.

Although the inflammatory indices like neutrophil,
lymphocyte, NLR, and SIRI showed difference between
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patients with and without ARF, only the high PLR was
identified independently associated with increased risk
of ARF by the collinearity assessment and multivari-
ate logistic regression analysis. Platelets mediate strong
inflammation by releasing multiple cytokines [35].
Increased PLR, indicating high volume of platelets and
low LCs, could reflect the burden of plaques in athero-
sclerosis [36] and the infarct size of acute ischemic stroke
[37]. Meanwhile, we found that the patients with cervical
TSCI with elevated NPAR had a significantly higher risk
of ARF. As a newly discovered biomarker composed of
neutrophil percentage and albumin level, NPAR has been
shown promising in predicting the prognosis of coronary
artery disease [38, 39]. For nutritional assessment, results
that serum albumin or prealbumin showed no significant
correlation was not surprising. We found low Hb concen-
tration was remarkably associated with ARF risk. Physi-
ologically, Hb delivers oxygen to tissue. Abundant Hb
concentration was efficient to prevent hypoxia and cell
energy disruption [40]. Interestingly, these three predic-
tors identified above were all correlated to vascular dis-
eases and importantly, ischemic events. Taken together,
we hypothesized that during acute period of cervical
TSCI, microischemic events were potentially triggered
in response to inflammatory changes as well as malnutri-
tion status, then hypoxic damage was activated around
the lesion site, affecting the spinal nerves that innervate
respiratory muscles and ultimately resulting in ARFE.
Although thoracic trauma was addressed as an independ-
ent risk factor for respiratory complications in SCI [8],
our data revealed that the coexistence of thoracic trauma
during acute admission period was not significantly cor-
related to the ARF occurrence in patients with cervical
TSCI, which was similar to the previous study [6]. We
supposed that the impacts of high cervical injuries over-
weighted thoracic trauma in inducing ARF within acute
period because muscles of inhalation and exhalation were
mostly innervated by the phrenic motoneurons located
between midcervical cord [41], and injuries to these seg-
ments were the most prevalent form of trauma that led to
respiratory dysfunction [42], compared with other tho-
racic regions where there are no key muscles [43]. Never-
theless, studies with further stratifications are needed to
investigate the roles of thoracic trauma in inducing ARF
occurrence in both acute and rehabilitation stages. To
make this predictive model more user-friendly, an online
calculator has been developed, which instantly calculates
the AREF risk after clinicians type in the specific param-
eters, making it easily applicable in clinical practice.
There are several advantages in our study. (1) It is the
first nomogram designed to predict ARF occurrence
in the patients with cervical TSCI, especially for those

without previous respiratory diseases. (2) The predic-
tors of our nomogram were routinely measured and
available for each patient on admission. (3) Given our
data obtained within the acute period for all individu-
als with cervical TSCI, this nomogram is going to pro-
vide individualized and precision therapeutic strategies
as it can identify patients at high risk of ARF as soon as
clinicians expected. Meanwhile, we also recognize sev-
eral limitations. (1) The statistical analysis in the current
study might not strictly meet the principle of events per
variable due to the limit of ARF occurrence in small sam-
ple size, even though we used retrospective data from
another medical center to perform an external valida-
tion. (2) Several parameters including the erythrocyte
sedimentation rate, C-reactive protein, iron, transferrin,
or vitamins may not be regularly measured in the admis-
sion blood tests, which might compromise the statisti-
cal validity of our model. A larger data set from multiple
centers is strongly recommended to provide robust evi-
dence to predict the risk of ARF. (3) Only the patients
encountered the traumatic etiology of SCI were taken
into analysis which may be a limitation in extending
our model to other affected individuals. (4) Because we
aimed at providing an instant prediction within the acute
admission period, risk factors that significant contribute
to ARF in rehabilitation stage including pneumonia or
thoracic trauma were not fully taken into analysis.

Conclusions

ARF as a severe respiratory complication could sud-
denly occur in patients who suffered cervical TSCI,
even though they have no previous respiratory diseases.
Knowledge of characteristics in the realm of acute clini-
cal care, including injury cervical level, AIS grade, blood
Hb concentration, PLR, and NPAR, can effectively help
to identify patients at high risk of developing ARF follow-
ing cervical TSCI. Early prediction of ARF occurrence
using nomogram composed of these factors is expected
to guide clinicians to provide personalized supports and
nursing strategies.
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