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Abstract: Animal studies have shown that the systemic inflammatory response to major injury
impairs bone regeneration. It remains unclear whether the systemic immune response contrib-
utes to impairment of fracture healing in multitrauma patients. It is well known that systemic
inflammatory changes after major trauma affect leukocyte kinetics. We therefore retrospectively
compared the cellular composition of peripheral blood during the first 2 weeks after injury
between multitrauma patients with normal (n=48) and impaired (n=32) fracture healing of the
tibia. The peripheral blood-count curves of leukocytes, neutrophils, monocytes, and thrombocytes
differed significantly between patients with normal and impaired fracture healing during the
first 2 weeks after trauma (P-values were 0.0122, 0.0083, 0.0204, and <0.0001, respectively).
Mean myeloid cell counts were above reference values during the second week after injury.
Our data indicate that leukocyte kinetics differ significantly between patients with normal and
impaired fracture healing during the first 2 weeks after major injury. This finding suggests that
the systemic immune response to major trauma can disturb tissue regeneration.
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Introduction

In developed countries each year, approximately one in 100 inhabitants suffers a
fracture.! In 5%—10% of all cases, fractures fail to heal within 9 months after injury,
which is referred to as nonunion.? Impaired bone healing has a detrimental effect on
quality of life and carries a substantial cost to society.® The direct costs of treating
nonunions of the tibia have been estimated between £15,566 and £17,200 per nonunion
in the UK, with considerable additional costs due to the loss of productivity of patients
during the period of postinjury disability.?

The incidence of nonunion is significantly higher in trauma patients with multiple
injuries than in patients with isolated injuries.* Impaired bone regeneration in multi-
trauma patients may be caused by several local changes that occur after high-energy
impact, such as open fractures, poor condition of the surrounding soft tissue, and
large-bone defects.* However, animal studies suggest that not only local but also
systemic changes after multitrauma could disturb fracture healing.>’” A recent animal
study showed that experimental blunt chest injury altered the cellular composition of
the fracture hematoma in rats and negatively affected the outcome of bone repair by
inducing hypertrophic callus formation.® Also, intraperitoneal injection of lipopoly-
saccharides, a frequently used model that mimics a trauma-induced systemic immune
response, disturbed fracture healing in rats by inducing hypertrophic callus formation.’
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The mechanism through which these systemic changes
impaired bone regeneration remains unclear.

Leukocytes play an important role in fracture healing,
as leukocytes not only initiate'® but also direct'' bone repair.
Changes in the early inflammatory phase of bone repair may
thus disturb downstream processes of fracture healing.!?
Cytokines released systemically after severe trauma affect
leukocyte kinetics, such as leukocyte mobilization from the
bone marrow and leukocyte migration toward injured tissue,
as well as the phenotype of peripheral blood leukocytes
and hematopoiesis.>®!* Peripheral blood concentrations of
leukocyte subsets, but also of erythrocytes and thrombo-
cytes, thus reflect the systemic immune response to tissue
injury. 415

We hypothesized that these systemic changes after severe
injury can impair fracture healing by disturbing the inflam-
matory phase of bone regeneration. This impairment could be
the result of either a changed number or phenotype of inflam-
matory cells within the fracture hematoma.’ To test whether
the systemic immune response to trauma is associated with
the outcome of fracture healing, we compared the peripheral
blood-count curves of leukocytes, neutrophils, monocytes,
lymphocytes, thrombocytes, and hemoglobin during the
first 2 weeks after injury between multitrauma patients with
normal and impaired fracture healing of the tibia.

Patients and methods

The peripheral blood-count curves of several hemato-
logical parameters during the first 2 weeks after injury were
compared between multitrauma patients with normal and
impaired fracture healing of the tibia. The primary focus
of our analysis was comparing the peripheral blood-count
curves of leukocytes between both healing groups (Figure 1).
In addition to this analysis, peripheral blood-count curves of
neutrophils, monocytes, lymphocytes, thrombocytes, and
hemoglobin were compared between both healing groups in
the context of an explorative subanalysis (Figures 1 and 2).
The P-values of these explorative subanalyses were therefore
not corrected for multiple testing.

Patient population

From a prospectively collected trauma register, all severely
injured trauma patients with tibia fractures who were
aged 18 years or older and required clinical admission to
the University Medical Center of Utrecht (UMC Utrecht)
between January 1, 2005 and May 1, 2012 were evaluated.
Severe trauma was defined as an Injury Severity Score
(ISS) of 16 or higher.!*'” The following clinical data were

obtained: age, sex, trauma mechanism, ISS, associated
injuries (abbreviated injury score), characterization of the
tibia fracture according to the AO (Arbeitsgemeinschaft
fiir Osteosynthesefragen [association for study of internal
fixation]) classification, soft-tissue injury according to the
Gustilo classification,'® duration from injury until definitive
fracture fixation, type of fracture fixation, number and date
of additional surgical interventions, total intensive care stay,
total hospital stay, complications, and the outcome of fracture
healing. Impaired fracture healing was defined as lack of
clinical or radiological evidence of union at the fracture site
at least 16 weeks after the index injury or at the most recent
intervention." Delayed healing was defined as lack of clinical
or radiological evidence of union 16-36 weeks after trauma.
Nonunion was defined as lack of clinical or radiological
evidence of union 36 weeks after trauma or when the patient
was subjected to secondary procedures to promote healing.
Missing data were retrieved from the hospital’s central elec-
tronic medical record if possible. Our study was a retrospec-
tive database study with anonymized data, and thus did not
need a formal review by an institutional review board.

Hematological parameters

The aforementioned hematological parameters were
obtained from the Utrecht Patient Oriented Database
(UPOD). The technical details of the UPOD are described
elsewhere.?® In short, the UPOD is an infrastructure of
relational databases that allows (semi)automated transfer,
processing, and storage of data, including administrative
information, medical and surgical procedures, medication
orders, and laboratory-test results for all clinically admitted
patients and patients attending the outpatient clinic of UMC
Utrecht since 2004. The process and storage of data are
in accordance with privacy and ethics regulations. UPOD
data acquisition and data management is in line with cur-
rent Dutch regulations concerning privacy and ethics and
is approved by the institution’s medical ethics committee
(UMC Utrecht). Because no extra material were taken
from patients eg blood samples, there was no requirement
to obtain informed consent from individual patients. The
data were analyzed anonymously. Routine hematological
analysis was performed by using the Cell-Dyn Sapphire
hematology analyzer (Abbott Laboratories, Abbott Park,
IL, USA).2'22 The reliability and validity of the laboratory
results were monitored through routine quality control.
The percentages of patients that required blood testing on
each day during the first 2 weeks after injury are depicted
in Figure 2C.
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Statistical analysis

Categorical variables were compared between the healing
groups with the y? test. Based on whether continuous data
were normally distributed, an independent #-test or Mann—
Whitney U test was used. The equality of variances was
assessed with a Levene’s test.

The mean hematological parameters (leukocytes, leuko-
cyte subsets, thrombocytes, and hemoglobin) are considered
repeated measurements, and the values of each patient for
different time points are thus not completely independent.
We analyzed the course of hematological parameters over
time using linear mixed models, because these models can
adequately compare repeated measurements between out-
come groups, they allow correction for possible confounders,
and they work well in the presence of missing data in repeated
measurements.” This analysis only indicates whether the
course of hematological parameters differs between out-
come groups during the first 2 weeks after injury, but does
not allow determination of which days exactly the outcome
groups differ. We could not use the same linear mixed model
technique to perform a post hoc subanalysis on the first and
second weeks separately to determine whether the differ-
ence in hematological parameters occurred early or late
after injury. Such analyses should have either been defined
as primary analysis (not post hoc on the same data set) or
should be performed on a different data set than on which
the original analysis was performed.

However, in order to speculate on which days the dif-
ferences between outcome groups was most evident, we
additionally compared all hematological parameters between
outcome groups with an independent 7-test or nonparametric
equivalent for each time point (Figures 1 and 2). The results
of the independent #-tests and nonparametric equivalents are
thus mainly illustrative, and we base our conclusions on the
results of the linear mixed models.

We first determined whether the trends of hematologi-
cal parameters over time were best described by a linear,
quadratic, or cubic function. To test whether the trends of
hematological parameters differed between outcome groups,
we fitted two models for each hematological parameter.

The first model allowed the outcome groups to differ
both on average and in trend over time, and thus included
fixed effects for the appropriate polynomial time trends:
an indicator for “outcome group” (normal versus impaired
fracture healing), and the interaction between “outcome
group” and time trends. The second model assumes that the
outcome groups have the same average and trend over time,
and thus only had fixed effects for time trends. We corrected

for possible confounding by adding clinical parameters to
both of these models that significantly differed between
outcome groups. The percentage of patients that were treated
nonoperatively and the percentage of patients that had open
fractures (Gustilo grade I and higher)'® significantly differed
between outcome groups, and thus these parameters were
added to both models. The given P-values therefore represent
differences between outcome groups that cannot solely be
explained by differences in type of management or presence
of open fractures. The two models were compared using
a likelihood-ratio test: when the first model significantly
fitted the observed data better than the second model (which
assumes that both outcome groups have the same average
and trend over time), it was concluded that the curve of
that hematological parameter significantly differed between
outcome groups after correcting for possible confounders.
In order to minimize multicollinearity of the polynomial
terms for time, orthogonal polynomials were used.? For
each outcome, random effects per patient for the intercept
and time trends were used in the models to account for
the correlation of repeated measurements within patients.
P<0.05 was considered statistically significant. Mixed model
analysis was performed using R software version 2.10.0.%
All other statistical analyses were performed with IBM SPSS
version 20.

Results

Patient characteristics

A total of 123 multitrauma patients with a tibia fracture were
treated in UMC Utrecht between January 1, 2005 and May 1,
2012; 16 patients died during their hospital stay, and 13 were
lost to follow-up. Another 14 patients were excluded, due to
bone disease (n=2), a history of malignancy (n=4), paraple-
gia (n=1), or amputation of the affected leg (n=7). Of the
remaining 80 patients, 13 (16.3%) developed delayed union,
and 19 patients (23.8%) developed nonunion that required
intervention, leading to a total of 32 patients (40%) with
impaired fracture healing. Clinical parameters of separate
fracture healing groups (normal versus impaired) are shown
in Table 1. There was no significant difference in the age, sex,
extent of injuries based on the ISS and New ISS, distribution
or severity of associated injuries (data not shown), the local-
ization of the tibia fracture (proximal, shaft, distal, or intra-
articular), the complexity of the fracture (AO classification),
or the incidence of (infectious) complications between the
healing groups. There were significantly more open frac-
tures (56% versus 31%, P=0.037) and significantly more
operatively treated fractures (19% versus 0, P=0.010) in the
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Table | Overview of clinical parameters of patients with normal and impaired fracture healing of the tibia

All patients, Normal healing, Impaired healing, P-value
n=80 n=48 (60%) n=32 (40%)
Age 40 [24-55] 37 [24-58] 42 [25-54] NS
Sex 58% male 54% male 63% male NS
Injury Severity Score 25 [19-34] 25 [18-34] 24 [19-33] NS
New Injury Severity Score 27 [22-41] 31 [22-34] 27 [22-41] NS
Number of fractures 4 [2-5] 3 [2-5] 4 [2-6] NS
Tibia-fracture localization
— proximal 20% 20% 19% NS
— shaft 49% 48% 52% NS
— distal 31% 32% 29% NS
Type of tibia fracture (AO)
— multifragmentary/complex 37% 32% 45% NS
— intra-articular 31% 32% 29% NS
Soft-tissue injury (Gustilo)
— 0 closed fracture 59% 69% 44% 0.037
— lwound <I| cm 14% 13% 16% NS
— Il wound >1 cm with moderate soft 15% 10% 22% NS
tissue damage
— Il wound >1 cm with
» llla adequate soft-tissue cover 6% 6% 6% NS
» lllb inadequate soft-tissue cover 5% 2% 9% NS
» lllc associated arterial injury 1% 0% 3% NS
Time until tibia fixation (days) 0 [0-5] 0 [0-5] | [0-6] NS
Type of fixation
— nonoperative 1% 19% 0% 0.010
— ORIF 43% 44% 41% NS
— nail (ETN, UTN, or CTN) 44% 38% 53% NS
— external 3% 0% 6% NS
Number of operations 2[1-4] 2[1-3] 2 [1-5] NS
ICU stay (days) 0 [0-8] I [0-9] 0 [0-7] NS
5.1 (83) 4.9 (7.5) 5.4 (94)
Hospital stay (days) 27 [14-50] 27 [14-50] 28 [12-46] NS
Complications 56% 56% 56% NS
— infectious 41% 44% 38% NS
— sepsis 9% 8% 9% NS
— noninfectious 31% 27% 38% NS
Delayed union 16% - 41% -
Nonunion 24% - 59% -
— atrophic - - 47% -
— hypertrophic - - 53% -

Note: Data shown as median * [interquartile range] or mean = (standard deviation).

Abbreviations: NS, not significant; AO, Arbeitsgemeinschaft fiir Osteosynthesefragen (association for study of internal fixation); ORIF, open reduction internal fixation;
ETN, expert tibial nail; UTN, unreamed tibial nail; CTN, cannulated tibial nail; ICU, intensive care unit.

impaired-healing group compared to patients with normal
fracture healing. Nonoperative treatment and open fractures
were thus both considered as potential confounders and
added to the statistical model used to test whether the curves
of hematological parameters differed significantly between
healing groups.

Hematological parameters
Figure 1A depicts the mean leukocyte counts in peripheral
blood during the first 2 weeks after injury for patients with

normal and impaired fracture healing of the tibia. The two
leukocyte-count curves differed significantly between both
healing groups when the aforementioned confounders were
included in the statistical model (P=0.0122). The average
leukocyte counts were above reference values (indicated
by gray shading) at admittance to the emergency depart-
ment, and there was no significant difference in leukocyte
counts at arrival between the healing groups. After day 1,
mean leukocyte counts decreased to reference values.
From day 5 onward, leukocyte numbers increased in both
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Figure | Peripheral blood counts of leukocytes (A), neutrophils (B), monocytes (C), and thrombocytes (D) during the first 2 weeks after major trauma.

Notes: Patients with normal (green) and impaired (red) fracture healing of the tibia. The peripheral blood-count curves of leukocytes, neutrophils, monocytes, and
thrombocytes were analyzed with mixed linear models, and differed significantly between healing groups during the first 2 weeks after trauma (P-values were 0.0122, 0.0083,
0.0204, and <0.0001, respectively). In addition, each separate time point was compared between outcome groups using an independent t-test or nonparametric equivalent.
For these subanalyses: *P<<0.05; **P<<0.01; ***P<<0.001. Gray bars represent reference values.

Abbreviation: SEM, standard error of mean.

healing groups and rose above reference values after day 7
in both groups. Leukocyte counts increased further and
peaked at day 12 in the normal-healing group, whereas leu-
kocyte numbers peaked at day 10 in the impaired-healing
group. When each time point was analyzed separately,
the mean leukocyte counts differed significantly between
outcome groups on days 2, 3, 4, 5, 11, 12, 13, and 14
(Figure 1A).

Mean neutrophil counts, monocyte counts, and throm-
bocyte counts rose above reference values in the second
week after trauma (Figure 1, B-D). In contrast, lymphocyte
numbers remained within the normal boundaries and hemo-
globin values remained below reference values during the

entire 2 weeks after trauma (Figure 2, A and B). Neutrophil-,
monocyte-, and thrombocyte-count curves were significantly
different for both healing groups (P-values 0.0083, 0.0204
and <0.0001, respectively). The curves of lymphocyte-count
and hemoglobin values did not significantly differ between
healing groups (P-values 0.0688 and 0.9275, respectively).
When each time point was analyzed separately, mean neutro-
phil counts differed significantly between outcome groups on
days 2, 3,4, 11, 12, 13, and 14 (Figure 1B). Mean monocyte
counts differed significantly on days 3, 10, 11, 13, and 14
(Figure 1C), and mean thrombocyte counts were signifi-
cantly different between outcome groups on day 0 and day
14 (Figure 1D).
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between the healing groups (P-values 0.0688 and 0.9275, respectively). In addition to the analyses with mixed linear models, each separate time point was also compared
between outcome groups using an independent t-test or nonparametric equivalent. For these subanalyses: **P<<0.01. Gray bars represent reference values.

Abbreviation: SEM, standard error of mean.

Complications

A total of 45 patients (56%) developed 69 complications: 33
(41%) patients developed 41 infectious complications, and
25 patients (31%) developed 28 noninfectious complications.
Infectious complications included 14 remote wound infec-
tions, two wound infections at the tibia-fracture site, nine
pneumonias, eight sepses, six urinary tract infections, and
two other infectious complications. There was no significant
difference between the normal and impaired healing groups
in the percentage of patients who developed either infectious
or noninfectious complications (Table 1).

Discussion

This is the first clinical study to investigate the relationship
between the systemic immune response to severe injury
and outcome of bone regeneration. We demonstrated that

peripheral blood-leukocyte kinetics differed significantly
between multitrauma patients with normal and impaired
fracture healing of the tibia during the first 2 weeks after
injury (Figure 1A). The difference in leukocyte-count curves
between the groups may either reflect increased extravasation
of leukocytes toward injured tissue or a blunt trauma-induced
bone marrow response. It is well known that the systemic
inflammatory response after major trauma affects leukocyte
kinetics and increased migratory function of leukocytes,®
as well as bone marrow failure,'>**?” and have both been
described in the literature.

Several animal studies have illustrated the importance
of local controlled inflammation for adequate bone healing.
For instance, transplantation of the early fracture hema-
toma, which predominantly contains inflammatory cells,
into muscle tissue of rats induces ectopic bone formation
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Bone injury

Hypothesis of the mechanism through which

an aberrant systemic immune response
impairs fracture healing

Damage-Associated Molecular Patterns (DAMPs)
are recognized by leukocytes, which induces
massive release of cytokines into the peripheral
circulation. Leukocytes are subsequently released
into the circulation and acquire an altered
phenotype. Myelopoiesis becomes stimulated.

An aberrant cytokine profile within the peripheral
circulation affects leukocyte function, leukocyte
trafficking and hematopoiesis.

~
.

N

Leukocytes migrate towards the fracture
hematoma as part of a physiological inflammatory
response to tissue injury, resulting in adequate
fracture healing.

Increased influx of alternatively activated
leukocytes toward the fracture hematoma
disturbs the physiological inflammatory phase of
bone repair. In addition, trauma-induced
myelopoiesis is dampened, resulting in relatively
decreased peripheral blood neutrophil, monocyte
and thrombocyte counts during the second week
after major trauma.

Bone marrow

Figure 3 Our hypothesis of the mechanism through which an aberrant systemic immune response to trauma impairs fracture healing.
Note: The green boxes describe a physiological systemic immune response to major trauma, and the red boxes describe a different detrimental systemic immune

response.

within muscle tissue.'! These experiments suggest that
inflammatory cells can initiate downstream processes of
bone healing. Moreover, removal or repetitive irrigation
of the early fracture hematoma impairs fracture healing
in rats.!”

Although these studies illustrate the importance of local
controlled inflammation for adequate bone healing, other
studies have shown that local or systemic “hyperinflammatory”
conditions can impair fracture healing. For instance,

injection of B-glucan into the fracture site induces local
hyperinflammation and impairs fracture healing in rats.'? In
addition, intraperitoneal injection of lipopolysaccharides in
rats, which induces systemic inflammation, negatively affects
the outcome of bone healing.” Moreover, blunt chest injury,
which is a model of trauma-induced systemic inflammation,
also impairs fracture healing in rats.?®?

It is well known that multitrauma patients have an
increased risk of developing delayed union and nonunion.*
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Based on the aforementioned animal studies, we hypothesized
that systemic inflammatory changes after major trauma
contribute to this high incidence of impaired bone healing
in severely injured individuals.’ We now show a correlation
between leukocyte kinetics early after injury and the eventual
outcome of bone healing in multitrauma patients, which sup-
ports this hypothesis.

The primary focus of our analysis was comparing the
peripheral blood-count curves of leukocytes between the
healing groups. However, the UPOD also stores the number
of leukocyte subsets in peripheral blood, even when clini-
cians do not request these values. Analysis of these subsets
as a secondary outcome contributes to the understanding of
the mechanism behind the difference in systemic immune
response between outcome groups. However, we did not
power our study to include multiple leukocyte subsets, as
our research population was too small. Therefore, we did not
correct for multiple testing, and only analyzed subsets in the
context of an explorative subanalysis.

These explorative subanalyses showed that neutrophil,
monocyte, and thrombocyte counts were above reference
values during the second week after injury in both healing
groups, in contrast to lymphocyte counts and hemoglobin
values (Figures 1 and 2). These findings suggest that trauma
induces an increased concentration of myeloid cells within
peripheral blood during the second week after trauma, poten-
tially by stimulation of myelopoiesis.

When outcome groups were compared, we found that
peripheral blood neutrophil, monocyte, and thrombocyte counts
were lower (Figure 1, B-D) in the impaired fracture-healing
group. These findings may be explained by relative inhibition
of trauma-induced myelopoiesis in the impaired-healing group.
It remains unclear whether there is a causal relation between
inhibition of trauma-induced myelopoiesis and poor bone
regeneration or whether these two phenomena are separate
consequences of an aberrant systemic immune response without
a causal relation between them. We hypothesize that systemic
inflammatory changes after major trauma affect the concen-
tration or phenotype of inflammatory cells within the fracture
hematoma and thereby disturb fracture healing (Figure 3).3

Factors that may contribute to a different systemic
immune response include the type and extent of injury, the
time between injury and resuscitation, the amount of isch-
emia/reperfusion damage, or host factors, such as smoking
and genetic background, infectious complications, and the
type, timing, and number of operative procedures.’

We found no significant difference in the incidence of
infectious complications, total amount of tissue damage,

or severity and localization of injuries. However, our study
did not have enough power to state that all aforementioned
parameters were equally distributed between the outcome
groups. Moreover, we were only able to compare the amount
of tissue injury based on clinical scales of severity (ISS and
New ISS). These scales may not be sensitive enough to detect
biological differences in the amount of tissue injury between
the groups. The only differences between the two groups
were that the impaired-healing group had a significantly
higher percentage of open fractures and a higher percentage
of operatively treated fractures (Table 1). Open fractures and
open surgical treatment have previously been described as
risk factors of impaired fracture healing.* It remains unclear
whether these parameters can significantly affect systemic
immune response rapidly after injury. Therefore, we con-
sidered these factors as possible confounders and added
these parameters to all statistical analysis. The difference in
systemic immune response remained statistically significant
even after correcting for these possible confounders.

The strength of our study lies predominantly in the fact
that the UPOD allowed us to analyze retrospectively hema-
tological parameters of multitrauma patients and to correlate
these values with the outcome of fracture healing, even
when clinicians did not request these parameters. Potential
limitations of our study are that it was retrospective, com-
prised a relatively small cohort, and blood sampling was not
performed daily in all patients.

Future research should focus on strategies that enable
early identification of multitrauma patients who will mount
an undesirable systemic immune response to trauma and
may thus require interventions that prevent development of
impaired fracture healing. Moreover, the mechanism through
which an altered systemic immune response can impair
bone regeneration needs to be clarified, in order to develop
therapies that prevent nonunion after an undesirable systemic
immune response to severe injury.

In conclusion, our data indicate that leukocyte kinetics
differ significantly between patients with normal and
impaired fracture healing during the first 2 weeks after major
injury. This finding supports the hypothesis that certain
systemic inflammatory changes after extensive tissue injury
can disturb tissue regeneration.
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