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Abstract
Our objective was to track and quantify the natural course of serological markers over the 1st year following
spinal cord injury. For that purpose, data on serological markers, demographics, and injury characteristics
were extracted from medical records of a clinical trial (Sygen) and an ongoing observational cohort study
(Murnau study). The primary outcomes were concentration/levels/amount of commonly collected serolog-
ical markers at multiple time points. Two-way analysis of variance (ANOVA) and mixed-effects regression
techniques were used to account for the longitudinal data and adjust for potential confounders. Trajecto-
ries of serological markers contained in both data sources were compared using the slope of progression.
Our results show that, at baseline (£ 2 weeks post-injury), most serological markers were at pathological
levels, but returned to normal values over the course of 6–12 months post-injury. The baseline levels
and longitudinal trajectories were dependent on injury severity. More complete injuries were associated
with more pathological values (e.g., hematocrit, ANOVA test; v2 = 68.93, df = 3, adjusted p value <0.001,
and v2 = 73.80, df = 3, adjusted p value <0.001, in the Sygen and Murnau studies, respectively). Comparing
the two databases revealed some differences in the serological markers, which are likely attributable to dif-
ferences in study design, sample size, and standard of care. We conclude that because of trauma-induced
physiological perturbations, serological markers undergo marked changes over the course of recovery, from
initial pathological levels that normalize within a year. The findings from this study are important, as they
provide a benchmark for clinical decision making and prospective clinical trials. All results can be interac-
tively explored on the Haemosurveillance web site (https://jutzelec.shinyapps.io/Haemosurveillance/) and
GitHub repository (https://github.com/jutzca/Systemic-effects-of-Spinal-Cord-Injury).
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Introduction
Because of its crucial role in the coordination of bodily

functions, damage to the spinal cord can lead to severe dys-

function or failure in single or multiple organs, including

the heart, kidney, and liver.1 As a consequence of altered

functions, levels or concentration of biomarkers derived

from conventional serological tests are modified.2,3 Their

readiness and straightforward collection make these sero-

logical markers, which encompass both hematological

(complete blood count [CBC]) and biochemical indices,
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ideally suited for evaluating the trauma-induced systemic

perturbations. Laboratory tests are routinely conducted in

the acute phase of injury to assess the initial magnitude

of systemic damage and to monitor the bodily functions.

However, little is known about how the systemic effects

and their respective serological markers progress as a func-

tion of time. This paucity of knowledge is even more sur-

prising, considering that these serological markers have the

potential to guide the design (patient stratification) and

implementation of clinical trials (safety assessment of tri-

aled drug).3–5 To address this knowledge gap, the aim of

this study was to determine the natural progression of sero-

logical markers following a spinal cord injury. We hypoth-

esized that, by disruption of normal innervation of vital

organs after a traumatic spinal cord injury, there will be

time-dependent and injury-specific alterations in serologi-

cal markers characterized by an initial pathological change

that normalizes over time (i.e., reaches norm values of

healthy able-bodied people). Lastly, we provide the scien-

tific and medical community with a first-of-its-kind surveil-

lance tool ‘‘Haemosurveillance,’’ which aims to generate

novel research questions as well as to inform clinical deci-

sion making and clinical trial design.

Methods
Study design and data source
To determine the natural progression of serological mark-

ers following spinal cord injury, we performed an observa-

tional study of prospectively collected data. Therefore, we

analyzed two different data sources, one each from the

United States of America and Germany. The first data

source was a prospective phase III, placebo-controlled,

multi-center study assessing the efficacy of gangliosidosis-

1 (GM-1) ganglioside therapy in acute traumatic spinal

cord injury.6,7 Running from 1992 to 1998, the Sygen

trial failed to demonstrate a superior treatment effect of

GM-1 over placebo treatment. Full design, recruitment,

and enrollment details of the Sygen trial have been de-

scribed previously.8 A total of 797 patients across the

United States were included in the randomization. Within

the framework of this United States Food and Drug

Administration (FDA) regulated trial, detailed information

concerning neurological scores and blood chemistry were

meticulously collected. The second data source was an ob-

servational cohort study conducted at the over-regional

level-I trauma center in Murnau, Germany (hereafter re-

ferred to as the Murnau study). Between 2004 and 2017,

363 patients were enrolled and followed up for 1-year

post-injury. All patients enrolled in the Murnau study re-

ceived standard rehabilitation care.

Ethics approval
The study was performed in accordance with the Declara-

tion of Helsinki. Approval for the secondary analysis of

the Sygen trial was received by an institutional ethical stan-

dards committee on human experimentation at the Univer-

sity of British Columbia. The original Sygen clinical trial

(results published elsewhere) also received ethical approval,

but was conducted before clinical trials were required to be

registered.7–9 The data received from the original clinical

trial were de-identified. The Murnau study was approved

by the Bavarian Medical Chamber (#2018-077).

Cohort definition: Inclusion
and exclusion criteria
To be included in our study, patients needed to have

blood values at three different time points as well as in-

formation on sex, age, and injury characteristics (i.e., in-

jury severity, injury level, and baseline motor and

sensory scores). Baseline was defined as the first 72 h

after injury for the Sygen trial and the first 2 weeks

post-injury for the Murnau study. Patients were excluded

if any of these data were missing or if they had sustained

a non-traumatic injury (e.g., a tumor), or had decided to

withdraw their data over the course of the study.

Outcome, predictor, and confounding variables
The primary outcomes were serological markers with

data available for at least 50 patients at each time point.

This threshold was chosen to ensure that the model output

was interpretable, statistically powerful enough to make

inferences, and clinically relevant. Independent variables

were time points post-injury at which serological markers

were collected. As an FDA requirement for the Sygen

trial, detailed information regarding routine blood chem-

istry was collected at admission to the trauma center

(hereinafter referred to as week 0), and at 1, 2, 4, 8,

and 52 weeks post-injury. The laboratory analyses were

all performed by SmithKline Beecham between February

1997 and April 1993 using the available clinical ma-

chines in this time period (Table S1). In the Murnau

study, information on serological markers was collected

upon the request of the attending physicians (i.e., not at

standardized time points). As a consequence, different

numbers of blood draws were collected for each patient

on different days post-injury. All laboratory analyses

were performed in-house at the BGU (Berufsgenossen-

schaftliche Unfallklinik) Murnau. Normal ranges for

the serological markers were provided by the manufac-

turer of the analytic devices (Table S1). Normal ranges

derived from the Murnau study were also applied to the

analysis of the Sygen study. The rationale for that

stems from the fact that the original upper and lower

bound values in Sygen are not available anymore. Poten-

tial confounders included age, sex, injury completeness

(at time of injury) according to the American Spinal

Injury Association (ASIA) Impairment Scale (AIS),10

level of injury (at/above T6 vs below T6), and presence
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or absence of polytrauma. Polytrauma was defined as

significant injuries of three or more points in two or

more different anatomic regions in addition to the spinal

cord injury.11 In the Sygen trial, the injury severity was

assessed using the Frankel Scale, whereas in the Murnau

study the AIS grading scale was employed. In order to fa-

cilitate a comparison between the two data sources, we

recalculated the AIS grades for all patients enrolled in

the Sygen trial using the European Multicenter Study on

Human Spinal Cord Injury (EMSCI) International Stand-

ards for Neurological Classification of Spinal Cord Injury

(ISNCSCI) calculator (https://ais.emsci.org/).

Statistical analyses
Two-way analysis of variance (ANOVA) and mixed-

effects regression models were chosen for the primary an-

alyses. These models were naturally suited to account for

the longitudinal nature of the data as well as to adjust for

potential confounders. Dependent variables were all sero-

logical markers that met our inclusion criteria. In the

Murnau study, blood values were averaged per week,

from week 0 to week 7 post-injury. In both studies, if,

for a certain marker, patient, and time point, no data

were available, the time point for this patient’s marker

was excluded. For analyses comparing both studies, we

examined the percentage of deviation from the mean of

the normal range, collected from the Murnau study.

The rationale for this normalizing procedure was to

make the data of the two cohorts comparable despite hav-

ing different units. Independent variables were time post-

injury, AIS grade, or level of injury, when examining data

from the individual studies. When comparing the serologi-

cal markers from both studies, we added the data sources as

an independent variable. For mixed-effects regression

models, pairwise comparisons of the different levels of

the independent variable of interest were performed.

Hence, significance levels were adjusted for multiple com-

parisons using Tukey’s test, and p < 0.05 after adjustment,

was regarded as statistical significance. For one-study

two-way ANOVA tests, we applied Bonferroni correction

for testing for six independent variables together. Thus,

we adjusted p values, and p < 0.05 was regarded as statisti-

cal significance. In the same way, when comparing the two

studies, no correction was applied, as only the data source

was considered to be an independent variable. Thus,

p < 0.05 was regarded as statistical significance. For all an-

alyses, R Statistical Software, version 3.6.3 (running under:

macOS Mojave 10.13.6), was used.

Data visualization
Using the R package Shiny and ShinyDashboard, we created

an online interface to visualize the results of the current

study and to interactively explore the data used for this

study.

Data and code availability statement
Anonymized data used in this study will be made avail-

able upon request to the corresponding author and in

compliance with the General Data Protection Regulation

(EU GDPR). The code describing the analysis can be

accessed on our GitHub repository (https://github.com/

jutzca/Systemic-effects-of-Spinal-Cord-Injury).

Results
Cohort summary: Included patients
Subject and injury characteristics of both cohorts (Sygen:

679; Murnau: 239) are summarized in Table 1. A compar-

ison revealed a comparable ratio of male and female pa-

tients (Pearson’s v2 test, v2 = 0.07, df = 1, p = 0.786).

However, significant differences were found in terms of

age distribution (two-sided t test, t = 13.63, df = 322.55,

p < 0.001, Figure S1) and injury severity distribution

(Pearson’s v2 test, v2 = 244.9, df = 3, p < 0.001).

Table 1. Subject and Injury Characteristics of Patients
Included in Our Analysis and Enrolled in the Sygen Trial
and Murnau Study, Respectively

Sygen trial Murnau study p value

Subject characteristics
Total, n 703 239
Sex, n (%) 0.786

Male 560 (79.7) 193 (80.8)
Female 143 (20.3) 46 (19.2)

Age in years at injury < 0.001
Mean – SD 33 – 14 51 – 19

Neurological/functional outcomes
Baseline ASIA impairment scalea, n (%) < 0.001

A 446 (63.4) 81 (33.9)
B 77 (11.0) 22 (9.2)
C 149 (21.2) 26 (10.9)
D 31 (4.4) 110 (46.0)

Lower extremity motor score, mean – SD
Baseline 2.82 – 7.3 19.5 – 19.9 < 0.001
After one year 12.8 – 19.3 28.1 – 21.9 < 0.001

NA, n 140 105

Serological markers, n 47 39

aAmerican Spinal Injury Association Impairment Scale (AIS): AIS-A,
no sensory or motor function is preserved in the sacral segments S4–5.
AIS-B, sensory but no motor function is preserved below the neurological
level and includes the sacral segments S4–5 (light touch [LT] or pin prick
[PP] at S4–5 or deep anal pressure [DAP]), and no motor function is pre-
served more than three levels below the motor level on either side of the
body. AIS-C, motor function is preserved at the most caudal sacral seg-
ments for voluntary anal contraction or the patient meets the criteria for
sensory incomplete status, and has some sparing of motor function more
than three levels below the ipsilateral motor level on either side of the
body. Fewer than half of key muscle functions below the single neurolog-
ical level of injury (NLI) have a muscle grade ‡3. AIS-D, motor incomplete
status as defined, with at least half (half or more) of key muscle functions
below the single NLI having a muscle grade ‡3. AIS-E, if sensation and
motor function as tested with the International Standards for Neurological
Classification of Spinal Cord Injury (ISNCSCI) are graded as normal in all
segments, and the patient had prior deficits, then the AIS grade is E. Some-
one without an initial SCI does not receive an AIS grade.

Significant p values are highlighted in bold.
SD, standard deviation.
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Cohort summary: Excluded patients
A total of 94 and 124 patients in the Sygen trial and

Murnau study, respectively, did not meet the inclu-

sion criteria and were excluded. Reasons for exclu-

sion comprised normal AIS score (AIS E, n = 5) and

missing information on baseline AIS score (n = 192).

Table S2 provides a detailed overview of the excluded

cohorts. Excluded and included cohorts were signifi-

cantly different in terms of age distribution (two-

sided t test; t = 2.03, df = 124.56, p = 0.04, with

excluded cohort younger than included cohort; and,

t = -1.8852, df = 123.91, p = 0.06, with excluded cohort

older than included cohort), in the Sygen trial and

Murnau study, respectively. Excluded and included

cohorts were comparable in terms of ratio of male

and female patients (Pearson’s v2 test; v2 = 3.43,

df = 1, p = 0.06), in the Sygen trial, but significantly

different in the Murnau study (Pearson’s v2 test;

v2 = 8.73, df = 1, p = 0.003).

Serological markers
A total of 32 and 28 routinely assessed blood mark-

ers were available in the Sygen trial and Murnau

study, respectively. Among these, 14 and 8 blood

markers, respectively, were part of the CBC,

which is a test that evaluates the cells that circulate

in blood. Notably, it includes counts of platelets, red

and white blood cells, hemoglobin, and hematocrit.

The remaining blood markers reflect renal function

(5 and 4 markers in the Sygen trial and Murnau

study, respectively), hepatic function (5 and 6 mark-

ers), pancreatic function (1 and 2 markers), and

muscle damages (2 and 3 markers). Overall, 20

blood markers were shared among the two data

sources. Table 2 provides an overview of all collected

markers.

Natural progression of serological
markers post-injury
With the exception of amylase, c-glutamyl transferase

(GGT), glucose, lipase, and alanine aminotransferase

(ALAT) in the Murnau study ( p = 0.624, p = 1,

p = 0.081, p = 1, p = 0.242, respectively) and alkaline

phosphatase, potassium, and thrombocyte levels in

the Sygen trial ( p = 0.685, p = 1, p = 1, respectively),

the concentrations of serological markers significantly

changed as a function of time since injury (Tables S3

and S4). For 28 serological markers, these changes oc-

curred within the normal range. The remaining 24 se-

rological markers had baseline values outside the

normal range, which normalized over the course of re-

covery (Figs 1 and 2). One serological marker (i.e., he-

matocrit) remained outside the normal range at 1 year

post-injury.

Relationship between serological levels
and injury characteristics
In line with our hypothesis, ANOVA revealed a global ef-

fect of injury severity (i.e., AIS score). Our post-hoc anal-

ysis revealed that the serological values were dependent

on the AIS grades, calcium ( p < 0.001 and p = 0.007), he-

matocrit ( p < 0.001 and p < 0.001), hemoglobin

( p < 0.001 and p < 0.001), erythrocytes count ( p < 0.001

and p < 0.001), and total protein/albumin levels

Table 2. Serological Markers Collected in the Sygen Trial
and Murnau Study

Sygen trial Murnau study

Complete blood count
Erythrocytes Erythrocytes
Hemoglobin Hemoglobin
Hematocrit Hematocrit
MCHC MCHC
MCV MCV
Thrombocytes Thrombocytes
Leucocytes Leucocytes
Lymphocytes Hemoglobin per

erythrocyte
Monocytes
Neutrophils
Eosinophils
Basophils
MCH
Total serum

Liver
Alkaline

phosphatase
Alkaline phosphatase

ASAT ASAT
ALAT ALAT
Total bilirubin Total bilirubin
Chloride Gamma-GT

Lactate dehydrogenase
Kidney

Calcium Calcium
Creatinine Creatinine
Albumin Total proteins
Blood urea nitrogen Blood urea nitrogen
Uric acid

Muscle
Potassium Potassium
Sodium Sodium

Cholinesterase
Pancreas

Amylase Amylase
Lipase

Others
Glucose Glucose
Prothrombin time INR
Cholesterol Partial thromboplasmin

time
Triglycerides CRP
Carbon dioxide Quick test

Serological markers,
n

32 28

A total of 32 and 28 serological markers were available in the Sygen trial
and Murnau study, respectively. Overall, 20 serological markers were col-
lected in both studies (highlighted in bold).

MCHC, mean corpuscular hemoglobin concentration; MCV, mean cor-
puscular volume; MCH, mean corpuscular hemoglobin; ASAT, aspartate
aminotransferase; ALAT, alanine aminotransferase; Gamma-GT, c-
glutamyl transferase; INR, international normalized ratio; CRP, C-reactive
protein
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Fig. 1. Natural progression of the complete blood count in patients with spinal cord injury who were
enrolled in the Sygen trial. Three different patterns of progression were observed. First, the blood markers,
such as thrombocytes, remained constant and within the range of able-bodied people. Second, blood
markers were pathological immediately after the trauma, but recovered over the course of a year and
reached the normal range. Erythrocytes, hemoglobin, and leucocytes are characterized by such a course.
Third, values were initially within the normal range, but as a function of time they became pathological
when compared with those of able-bodied people. Hematocrit is one such example (not shown here).
For clinical decision making as well as the design and implementation of clinical trials, it is of utmost
importance to know the temporal progression of these blood markers. For further exploration of the data,
please refer to the web application Haemosurveillance (https://jutzelec.shinyapps.io/Haemosurveillance/).
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( p < 0.001 and p < 0.001), in both the Murnau study and

the Sygen trial, respectively (Tables S3 and S4). The pair-

wise comparisons between the AIS grades yielded that cal-

cium, hematocrit, hemoglobin, erythrocyte count, and total

protein/albumin levels were significantly different between

patients classified as AIS A and those classified as AIS D.

In all cases, higher values for these markers, closer to the

normal range, were associated with less severe injury

(AIS D), as illustrated in Figure 1. Additionally, hemato-

crit, hemoglobin, erythrocyte count, and total protein/

albumin were significantly different between patients clas-

sified as AIS A and those classifiefd as AIS B, C, and D. All

results are reported in Tables S5 and S6 and illustrated in

Figures S2–S7. In terms of injury level, we found no sig-

nificant differences in serological values between patients

with injuries at/above T6 and those with injuries below T6

in both the Murnau study and the Sygen trial (Tables S3

and S4). Lastly, the presence or absence of a polytrauma

had a significant impact on some of the serological values

(Tables S3 and S4).

Fig. 2. Natural progression of the complete blood count in patients with spinal cord injury who were
enrolled in the Murnau study.
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Comparison between historical
and contemporary cohort
As described, the Murnau study and Sygen trial have a

number of major differences in their design. As illus-

trated in Figure 3, there were significant differences in

the serological markers and their progression (Table S7),

with the exception of amylase ( p = 0.114), alkaline phos-

phatase ( p = 0.409), mean corpuscular hemoglobin con-

centration (MCHC) ( p = 0.053), sodium ( p = 0.476), and

ALAT levels ( p = 0.746).

Data visualization
All results can be explored interactively on the Haemo-

surveillance web site (https://jutzelec.shinyapps.io/

Haemosurveillance/). Information is presented in sepa-

rate tabs for patients enrolled in the Sygen and Murnau

studies, respectively. The interactive interface also al-

lows visualization of the data stratified by demographics

(sex and age group) and injury characteristics (i.e., injury

severity and type of plegia). Additionally, the interface

facilitates a direct comparison of the two data sources.

Discussion
The present study describes the natural progression of se-

rological parameters that are routinely assessed on admis-

sion and in the days to weeks following acute spinal cord

injury. Consistent with our first hypothesis, we found

trauma-induced changes in routinely collected serologi-

cal markers (e.g., hemoglobin, glucose). By and large,

most of the markers normalized at 1 year post-injury

(i.e., reached the normal values of healthy able-body peo-

ple). Our second hypothesis was also confirmed, insofar

as the observed changes in markers were dependent on

age at injury, sex, and injury severity, but not injury

level. This suggests that these changes, in addition to

reflecting the polytrauma and the consequent recovery

process, are also capturing the severity of the spinal

cord injury. Additionally, age at injury can be considered

as a potential confounder for both the serological levels

and the injury severity, which, itself impacts significantly

the observed changes in serological markers. Collec-

tively, this study provides new insights that will aid the

design and implementation of clinical trials.

Natural progression and the relationship
between serological levels and injury severity
In the present study, the majority of the serological mark-

ers reach pathological level shortly after the traumatic

event and then normalize within a year post-injury. At

baseline (within 2 weeks post-injury), the degree of alter-

ations in the serological markers was associated with the

injury severity, in such a way that patients with complete

injuries exhibited more pronounced abnormalities in se-

rological markers than those with incomplete injuries.

This relationship between serological markers and degree

of injury severity underpins the notion that serological

markers may be utilized as measurable indicators of the

severity. As such, they bear the potential to aid the diag-

nosis of spinal cord injury severity, particularly in cases

in which standard neurological examination is not possi-

ble (e.g., intoxicated or unresponsive patients).3 More-

over, abnormalities in certain serological markers (e.g.,

albumin)2,12 may also induce further damage or delay

the recovery process and, therefore, need to be addressed.

In a recent study, Tong and colleagues detected that pa-

tients with prolonged hypoalbuminemia recovered to a

lesser degree than those patients with normal albumin

levels.2,12 Timely substitution of albumin might have

beneficial effects on the functional and neurological re-

covery of the patient, as suggested by findings from ani-

mal studies.13 Although the return to normal serological

levels occurs along the same timeline as the neurological

and functional recovery, for many serological markers

there is no longer an association between serological lev-

els and injury severity. This lack of association in the

chronic phase of injury suggests that the serological

markers are more representative of the initial polytrauma

and the recovery from it as opposed to being specific in-

dices of the spinal cord injury.

Serological markers in the design
and implementation of clinical trials
Our study provides an important framework for the

implementation of serological markers in the design

and conduction of clinical trials. Conventionally, the

safety and tolerability of trialed treatments are assessed

by means of specific abnormalities of routinely collected

serological and cerebrospinal fluid (CSF) markers.14 As

the majority of drugs, including the currently trialed rilu-

zole15,16 and minocycline,17,18 are metabolized and

cleared by the liver and kidney, respectively, regulatory

agencies released guidelines for the assessment of risk

surrounding drug-induced liver injuries (DILI)19,20 and

nephrotoxicity21 in clinical trials. Multiple scheduled

blood draws facilitate the early detection, tracking, and

management of drug-induced organ damage. Typically,

any deviation from the norm values of healthy able-

bodied people would alert the investigators. In spinal

cord injury, however, baseline values of numerous sero-

logical markers are pathological (Figs. 1 and 2), which,

when ignored or unknown, can substantially bias assump-

tions on drug safety. Our haemosurveillance tool offers a

first-of-its-kind platform to accurately disentangle drug-

induced from trauma-driven perturbations in routinely

collected serological markers. This tool is particularly

useful for (1) clinical trials without a control group (i.e.,

placebo) and (2) clinical trials with a control group that

is not being managed by a standard of care. In the former
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Fig. 3. Comparison of the natural progression of hemoglobin (A) and mean corpuscular volume (B) in
patients with spinal cord injury enrolled in the Sygen trial and the Murnau study, respectively.
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situation, historical data can aid evaluation of the safety of

the trialed drug, whereas in the latter situation, the effect of

the deviation from the standard of care can be measured.

For example, in the ongoing Nogo Inhibition in Spinal

Cord Injury (NISCI) trial (https://nisci-2020.eu/index

.php?id=1449), all enrolled patients are subject to re-

peated lumbar puncture regardless of their allocation. As

repeated lumbar puncture is not a standard of care, his-

torical data can be leveraged to assess their impact on

health (e.g., rate of infections).

In addition to providing guidance on drug safety and

tolerability, serological markers bear the potential to re-

fine the stratification of patients and increase the likeli-

hood of detecting a significant treatment effect.22,23 A

major barrier to detecting small treatment effects in clin-

ical trials is the extensive heterogeneity of the neurolog-

ical recovery and the scarcity of reliable predictors, such

as the initial damage to the spinal cord (i.e., AIS scores),

that can fully capture the extent of the injury. Therefore,

utilizing a biological correlate (e.g., blood or central ner-

vous system [CNS] marker) is potentially advantageous

and informative because of its representation of the

trauma and indirect involvement in the CNS.

Differences between data sources
In the current study, we analyzed data from two different

data sources to validate our findings regarding temporal

trajectories of the serological markers. Overall, these tra-

jectories show comparable trends. However, some differ-

ences were uncovered that are likely attributable to

differences in the study design, study period, standard

of care, population structure, and sample size. The

Sygen trial, our first data source, was conducted in the

1990s and had five pre-defined time points of blood col-

lection. Moreover, as part of the standard of care at the

time, all patients sustaining a spinal cord injury received

methylprednisolone, a corticosteroid, to reduce inflam-

mation and secondary damage.24,25 Corticosteroids

have been reported to alter the concentration of certain

serological markers, including bilirubin, albumin, and

leukocytes.26–28 Patients enrolled in the Sygen trial

exhibited reduced bilirubin levels and leukocytosis (i.e.,

an increase in the number of white cells in the blood)

compared with the patients in the Murnau study, who

did not receive acute treatment with methylprednisolone.

Moreover, the time points of blood draw could have con-

tributed to the differences observed. Whereas the Sygen

trial collected blood samples at pre-defined time points,

the patients in the observational Murnau study were sub-

ject to blood draws when indicated by the treating physi-

cian. Lastly, it is well known that organ function declines

with age and is correlated with changes in laboratory val-

ues. A larger proportion of elderly patients was enrolled

in the Murnau study (Supplementary Fig. S1), which

could have contributed to the divergent findings.29,30

Limitations
The primary limitation of the current study is that we uti-

lized nearly 20-year-old retrospective data, collected in

clinical trial conditions, which might compromise the

translation of our results to the current clinical context.

We partially address this limitation by prospectively col-

lecting contemporary data in the framework of the Mur-

nau study. Potential bias introduced by changes in

standards of care over the last decades can be, at least

in part, mitigated. However, time points of data collec-

tion were not standardized in the Murnau study. As a con-

sequence, the time-varying sample size complicated the

analyses. For example, the chosen cutoff of 50 patients

for the analyses was largely driven by the sample size.

Future studies with larger and more consistent sample

sizes at each time point of data collection are warranted

to validate our findings and provide the optimal cutoff

values in a data-driven fashion. The small sample size

further prevented a meaningful subgroup analysis strati-

fied by sex and age, considering that many serological

markers have different normal ranges for women and

men as well as being subject to age-related changes. It

should also be noted that excluding patients because of

missing AIS grade (e.g., because the patient was uncon-

scious at baseline) represents a loss of information and in-

troduces a potential bias toward patients with slightly less

severe injuries. Studies with large sample sizes at base-

line and follow-up time points are warranted to address

this in further detail. Additionally, our study is focused

on correlations at the population level, which does not

guarantee the translation of our findings at the individual

level. Further investigations are needed to assess the po-

tential of serological markers in individual recovery pre-

diction. Moreover, we did not account for any of the

medications that were administered to the patients to

treat secondary complications associated with spinal

cord injury.31,32 Some medications (e.g., corticosteroids

and nonsteroidal anti-inflammatory [NSAID] medica-

tion) can affect the concentration of the serological mark-

ers. Future studies should also address the impact of

medication on the serological markers, particularly in

the acute phase of injury.

Conclusion
To our best knowledge, this is the first study to comprehen-

sively investigate the natural progression of serological

markers in patients with a traumatic spinal cord injury.

As a consequence of the sustained trauma, numerous rou-

tinely collected serological markers are altered in their con-

centration. The majority of these markers return to a

normal range after 6–12 months post-injury. The current

study provides a first step toward establishing a benchmark

for serological markers and their natural course, which can

inform clinical decision making and prospective clinical
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trials. Our online surveillance platform (Haemosurveil-

lance) provides a tool for the spinal cord injury community,

researchers, authorities, and policy makers to interactively

exploit the natural progression of serological markers and

compare different data sets with each other. The platform

is configured such that existing or newly generated data

sets can be added if they comply with GDPR.
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