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What We Already Know about This Topic

• Cervical spinal cord injury can occur due to airway manipulation includ-
ing tracheal intubation even in the presence of an intact cervical spine

• During intubation with an intact cervical spine, it is unknown 
whether cervical spine motion can exceed the range of voluntary 
motion and cause cord injury due to stretch or compression (strain) 
or whether injurious cord strain can occur without pathologic motion

What This Article Tells Us That Is New 

• Based on simulation of an adult cervical spine, pathologic motion 
does not occur even with intubation force up to twice that com-
monly encountered during routine tracheal intubation

• However, in patients who have increased susceptibility to strain- 
related cord injury, potentially injurious cord strain may occur 
during routine tracheal intubation conditions

Cervical spinal cord injury caused by tracheal intuba-
tion is a rare but catastrophic complication.1–3 Cervical 

cord injuries are not limited to patients who have unstable 

spines. In an American Society of Anesthesiologists Closed 
Claims study, most (28 of 37) cervical cord injury claims 
occurred in patients who had stable cervical spines.2 This 
closed claims study reported that probable contributors to 
perioperative cervical cord injury included direct surgical 
complications (9 of 37), head/neck positioning (7 of 37), 
and airway management (4 of 37).2 Of the four patients in 
whom airway management was judged to be a probable 
contributor to cord injury, two patients had stable spines.2 

aBStract
Background: In a closed claims study, most patients experiencing cervical 
spinal cord injury had stable cervical spines. This raises two questions. First, in 
the presence of an intact (stable) cervical spine, are there tracheal intubation 
conditions in which cervical intervertebral motions exceed physiologically nor-
mal maximum values? Second, with an intact spine, are there tracheal intuba-
tion conditions in which potentially injurious cervical cord strains can occur?

Methods: This study utilized a computational model of the cervical spine 
and cord to predict intervertebral motions (rotation, translation) and cord 
strains (stretch, compression). Routine (Macintosh) intubation force conditions 
were defined by a specific application location (mid-C3 vertebral body), mag-
nitude (48.8 N), and direction (70 degrees). A total of 48 intubation conditions 
were modeled: all combinations of 4 force locations (cephalad and caudad 
of routine), 4 magnitudes (50 to 200% of routine), and 3 directions (50, 70, 
and 90 degrees). Modeled maximum intervertebral motions were compared to 
motions reported in previous clinical studies of the range of voluntary cervical 
motion. Modeled peak cord strains were compared to potential strain injury 
thresholds.

results: Modeled maximum intervertebral motions occurred with maxi-
mum force magnitude (97.6 N) and did not differ from physiologically normal 
maximum motion values. Peak tensile cord strains (stretch) did not exceed 
the potential injury threshold (0.14) in any of the 48 force conditions. Peak 
compressive strains exceeded the potential injury threshold (–0.20) in 3 of 
48 conditions, all with maximum force magnitude applied in a nonroutine 
location.

conclusions: With an intact cervical spine, even with application of twice 
the routine value of force magnitude, intervertebral motions during intuba-
tion did not exceed physiologically normal maximum values. However, under 
nonroutine high-force conditions, compressive strains exceeded potentially 
injurious values. In patients whose cords have less than normal tolerance to 
acute strain, compressive strains occurring with routine intubation forces may 
reach potentially injurious values.

(ANESTHESIOLOGY 2021; 135:1055–65)

Intubation Biomechanics: 
Clinical Implications of 
Computational Modeling 
of Intervertebral Motion 
and Spinal Cord Strain 
during Tracheal Intubation 
in an Intact Cervical Spine
Benjamin C. Gadomski, Ph.D.,  
Bradley J. Hindman, M.D., Mitchell I. Page, Ph.D.,  
Franklin Dexter, M.D., Ph.D., F.A.S.A., Christian M. Puttlitz, Ph.D.

Anesthesiology 2021; 135:1055–65

Supplemental Digital Content is available for this article. Direct URL citations appear in the printed text and are available in both the HTML and PDF versions of this article. Links 
to the digital files are provided in the HTML text of this article on the Journal’s Web site (www.anesthesiology.org). This article has a visual abstract available in the online version. 
Portions of this work were previously presented in abstract form at the 61st Annual Meeting of the Orthopedic Research Society in Orlando, Florida, March 5 to 8, 2016; the 
International Anesthesia Research Society Annual Meeting in Washington, D.C., May 7, 2017; and the International Anesthesia Research Society Annual Meeting in Montreal, 
Quebec, Canada, May 17 to 20, 2019.

Submitted for publication June 11, 2021. Accepted for publication September 14, 2021. From the Department of Mechanical Engineering, School of Biomedical Engineering, 
Orthopaedic Bioengineering Research Laboratory, Colorado State University, Fort Collins, Colorado (B.C.G., M.I.P., C.M.P.); and the Department of Anesthesia, University of Iowa Roy 
J. and Lucille A. Carver College of Medicine, Iowa City, Iowa (B.J.H., F.D.).

Copyright © 2021, the American Society of Anesthesiologists. All Rights Reserved. Anesthesiology 2021; 135:1055–65. DOI: 10.1097/ALN.0000000000004024

Copyright © 2021, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.<zdoi;. DOI: 10.1097/ALN.0000000000004024>

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/135/6/1055/527474/20211200.0-00023.pdf by guest on 19 M
ay 2023



Gadomski et al.1056 Anesthesiology 2021; 135:1055–65 

PERIOPERATIVE MEDICINE

The occurrence of intubation-related cervical cord injury 
in the presence of a stable cervical spine suggests that intu-
bation may cause cord injury by mechanisms not previously 
considered.

There are no clinical studies reporting unrestricted cer-
vical spine motion during tracheal intubations in which 
intubations were more difficult and intubation forces were 
increased.4–6 Thus, we wondered, in the presence of an 
intact (stable) cervical spine, is it possible under uncom-
mon, high-force, or otherwise abnormal intubation con-
ditions that pathologic cervical spine motion could occur? 
In other words, are there tracheal intubation conditions in 
which cervical intervertebral motions can exceed physio-
logically normal maximum values?

When the cervical spine moves, the cervical spinal cord 
deforms. The cord stretches and contracts axially7 and thins 
and thickens transversely.8 Measures of strain quantify the 
extent of tissue deformation (e.g., change in length or 
width) in response to an applied stress (force/area = pres-
sure). In animal models, high levels of cord strain cause 
acute and chronic spinal cord dysfunction and/or injury.9–14 
Thus, we wondered whether, in the presence of an intact 
cervical spine, even if pathologic spine motion does not 
take place, are there tracheal intubation conditions in which 
potentially injurious cervical cord strain can occur?

The aim of this study was to answer the two questions 
posed above. To do so, we used a computational model of 
the human cervical spine and spinal cord to simulate tra-
cheal intubation. We studied large variations in laryngo-
scope force application conditions (location, magnitude, 
and direction) to include practically any set of tracheal 
intubation conditions that could occur in clinical practice. 
Model outputs included cervical spine motions (inter-
vertebral rotation and translation) and peak cervical cord 
tensile (stretch) and compressive strains occurring during 
intubation.

Materials and Methods

background, rationale, and Validation of the Finite 
Element model

Finite element modeling is a computational simulation 
method used to predict the behaviors of complex three- 
dimensional structures. The basis of finite element model-
ing lies in dividing a complex structure into many smaller, 
simpler structures called elements so that the overall struc-
tural response to loading may be mathematically calculated. 
The response of each element is expressed in terms of a 
finite number of degrees of freedom at a set of points called 
nodes that connect each element to other adjacent ele-
ments. To model biologic structures, finite element models 
require accurate three-dimensional representations of the 
geometry (anatomy) of all structurally distinct components 
such as vertebrae, intervertebral discs, ligaments, etc. These 
models also require knowledge of the material properties 

of each component (e.g., elasticity) under all conditions 
under which the model will be tested.15 For more than 25 
yr, finite element models of the human cervical spine have 
been used to predict spine motions that occur under routine 
or hazardous (e.g., high force) conditions. In addition, these 
models allow for characterization of processes and dynam-
ics occurring inside the substance of the spine or cord that 
are impossible to directly measure, such as mechanical stress 
and strain.15

The model used in this study is of the complete human 
cervical spine (from the occiput to C7) and the cervical spi-
nal cord.16 It consists of 196,984 elements, 237,635 nodes, 
and has 671,997 degrees of freedom. In a previous validation 
study, this model closely predicted intervertebral motions 
(occiput–C1 through C4–C5) measured during orotracheal 
intubation in living patients.16 It did so with intubations 
accomplished with both direct laryngoscopy (Macintosh) 
and videolaryngoscopy.16 The results of the current study 
provide additional evidence of the validity of this model 
(see Results). Specifically, under routine (Macintosh) intu-
bation conditions, this model predicted 1 to 2 degrees of 
flexion at C5–C6 and C6–C7. Flexion below C5 during 
Macintosh intubations has been previously reported by 
Turkstra et al.17 Also, under routine conditions, this model 
predicted the occiput translates 1.4 mm posterior to C1, 
with progressively less posterior translation at C1–C2 and 
C2–C3, changing to anterior translation at C3–C4, with 
1.0 mm or less of anterior translation in the remaining cau-
dal segments. These predicted translations are compatible 
with translation values calculated from the clinical intuba-
tion data reported by Mentzelopoulos et al.18 (occiput–C1 
= 1.0 mm, C1–C2 = 0.6 mm, C2–C3 = 0.5 mm, C3–C4 
= 0.4 mm, and C4–C5 = 0.3 mm). Therefore, this model 
predicts cervical spine motions measured during routine 
intubations reported in three different clinical studies. In 
addition, in our previous validation study, this model closely 
predicted spine motions in cadavers with type II odontoid 
fractures during intubations performed with both conven-
tional and videolaryngoscopy.16

For additional information about this model, including 
development, anatomy, material properties, convergence 
studies, software, execution time, and code availabil-
ity, see Supplemental Digital Content 1 (Finite Element 
Model Development, Material Properties, Calculations, 
and Limitations; http://links.lww.com/ALN/C740). 
We followed the applicable Enhancing the QUAlity and 
Transparency Of health Research (EQUATOR) guidelines 
for simulation.19

Selection of Tracheal Intubation Force characteristics 
and Defining routine conditions

Although laryngoscope force is not uniformly distributed 
along the blade, it can be represented biomechanically as 
being applied at a single point.20 Thus, laryngoscope blade 
contact force was modeled as being applied at a single 
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point (location) having both magnitude (N) and direction 
(degrees), i.e., as a force vector.16 Intubation force was sim-
ulated as a force vector applied to the anterior surface of a 
selected cervical spine vertebral body. In a previous finite 
element modeling study,16 using radiographic images and 
simultaneous laryngoscope force distribution measure-
ments from a previous clinical study,20 the mean applied 
force location, magnitude, and direction for a routine intu-
bation with a Macintosh blade were estimated to be the 
midpoint of the C3 vertebral body, 48.8 N, and 70 degrees 
from the body’s coronal plane, respectively. This specific 
combination of laryngoscope force location, magnitude, 
and direction are hereafter referred to as routine conditions, 
denoting force conditions occurring during a routine direct 
(Macintosh) laryngoscopy and intubation.

As shown in figure  1, laryngoscope force application 
location, magnitude, and direction were each varied over a 
range of values. Four laryngoscope force application loca-
tions were studied: the superior half of the anterior surface 
of the C2 vertebral body (C2

SUP
), the inferior half of the 

anterior surface of the C2 body (C2
INF

), the midpoint of 
the anterior surface of the C3 body (C3, routine location); 

and the midpoint of the anterior surface of the C4 body 
(C4). The C2

INF
 force application location corresponds to 

that observed with the Airtraq videolaryngoscope.16,20 Four 
intubation force magnitudes were studied: 24.4 N, 48.8 N 
(routine magnitude), 73.2 N, and 97.6 N, corresponding to 
50, 100, 150, and 200% of the routine force magnitude. In a 
study of patients who were predicted to be easy to intubate, 
Macintosh intubation force magnitude was 48.8 ± 15.8 N 
(mean ± SD), with the greatest individual patient force 
magnitude equal to 70.9 N.20 In a different intubation study, 
with the utilization of manual in-line stabilization, pres-
sures applied by a Macintosh blade were two-fold greater 
than without the use of manual in-line stabilization.4 In 
a previous cadaver intubation study, Macintosh intuba-
tion force magnitude was 47.1 ± 20.5 N, with the great-
est individual cadaver Macintosh force magnitude equaling 
93.6 N.21 Thus, 97.6 N (twice the routine value) appears to 
approximate the maximum amount of force that anesthe-
siologists can apply with a conventional direct (Macintosh) 
laryngoscope. Finally, three laryngoscope force directions 
were studied: 50 degrees, 70 degrees (routine direction), and 
90 degrees from the body’s coronal plane. The 90-degree 

Fig. 1. Finite element model of the human cervical spine and spinal cord, external sagittal view. For clarity, the caudal portion of the occiput 
is shown without showing the skull. The spinal cord (blue cylinder) is seen within the spinal canal between the occiput–c1 and c1–c2. The 
inferior surface of the c7 vertebral body was fixed in all directions. The occiput was allowed to rotate around the sagittal (X) axis in all sim-
ulations and translate in the axial (Z) direction. Four laryngoscope force application locations were studied: the superior half of the anterior 
surface of the c2 vertebral body (c2SUP), the inferior half of the anterior surface of the c2 body (c2INF), the midpoint of the anterior surface of 
the c3 body (routine location, shown in green), and the midpoint of the anterior surface of the c4 body. Four intubation force magnitudes were 
studied: 24.4 N, 48.8 N (routine force, shown in green), 73.2 N, and 97.6 N. Three laryngoscope force directions were studied: 50 degrees, 
70 degrees (routine direction, shown in green), and 90 degrees from the body’s coronal plane.
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force direction corresponds to that observed with the 
Airtraq videolaryngoscope.16,20 Thus, in total, 48 simulations 
were conducted, consisting of all combinations of laryngo-
scope force application location (n = 4), magnitude (n = 4), 
and direction (n = 3). The resultant spine motion and cord 
strain values represent quasistatic values corresponding to 
the maximum values occurring during tracheal intubation.

measuring cervical Spine Intervertebral motion 
characteristics

In all simulations, the occiput was allowed to rotate and 
translate cranially and caudally, whereas the caudal surface 
of the C7 vertebral body was kinematically constrained to 
restrict all motion (see Discussion, Limitations). In all simu-
lations, the cervical spine was considered to start at a neutral 
position, with the degrees of intervertebral rotation (flexion 
and extension) and anterior–posterior translation (sublux-
ation) defined as zero. Segmental intervertebral rotation and 
translation at each of seven intervertebral segments were cal-
culated. Rotation was measured as the difference in rotation 
between reference nodes kinematically attached to adjacent 
vertebrae and was independent of translation. Intervertebral 
extension was represented by positive values and flexion by 
negative values. Translation was measured as the difference in 
anterior–posterior displacement of the centers of rotation of 
the two adjacent vertebrae. This method decreases the effect 
of intervertebral rotation on measures of translation. In a 
given intervertebral segment, translation of the cranial verte-
bral body posterior to the caudal vertebral body was defined 
as being posterior subluxation and is represented with pos-
itive values. Conversely, translation of the cranial vertebral 
body anterior to the caudal vertebral body of a segment was 
defined as anterior and is represented with negative values.

measuring cervical Spinal cord Strain and Selection of 
Potentially Injurious Strain Thresholds

Because strain quantitates tissue deformation (e.g., change 
in length or width) as a ratio of the initial/final value of 
the parameter, strain is dimensionless. We utilized the log-
arithmic strain method to calculate strain, strain = ln(L/
L

0
), where L is the final length, and L

0
 is the initial length. 

Studies show that accounting for strain in multiple simul-
taneous planes has a larger observed correlation with tissue 
injury than strain in any single plane.13,22 Thus, we used two 
strain measures that each incorporate the overall three- 
dimensional strain field: (1) maximum principal strain 
(tensile strain, analogous to stretch, represented by positive 
values) and (2) minimum principal strain (analogous to com-
pression, represented by negative values; see Supplemental 
Digital Content 1 [Finite Element Model Development, 
Material Properties, Calculations, and Limitations; http://
links.lww.com/ALN/C740]). In animal spinal cord injury 
models, these two strains had the largest observed correla-
tions with tissue injury.13,14

Based on a recent experimental study of cervical cord 
injury in nonhuman primates,14 we defined two strain val-
ues as thresholds for potential cord injury. The maximum 
principal strains resulting in a 50% cord injury measured 
histologically 14 to 17 weeks after insult were 0.26 to 0.31 
for gray and white matter, respectively.14 In the same study, 
the 50% injury values for minimum principal strains were 
–0.38 to –0.42 for gray and white matter, respectively. 
Because 50% injury strain values are too great to use as 
clinical safety thresholds, we defined 50% of these values as 
potentially injurious, specifically 0.14 for maximum princi-
pal strain (stretch) and –0.20 for minimum principal strain 
(compression; see Discussion).

Statistical Analysis

Because model cervical spine anatomy was derived from a 
single adult human subject23 and mean material property 
data inputs were utilized to define the model, the model 
does not simulate the inherent variation across the human 
population. In addition, the model does not include ran-
dom error from experimental measurements. The absence 
of these variations produces deterministic (i.e., single- 
valued) motion and strain values. Thus, model predictions 
for motion and strain are functionally equivalent to popu-
lation mean values (see Discussion, Limitations). All values 
for cervical spine motions were rounded to a single decimal 
before analysis.

results

cervical Intervertebral motion

Figure 2 (A and B) shows the complete data set of predicted 
intervertebral rotations (extension and flexion) and anterior– 
posterior translations (subluxation) at the 7 cervical inter-
vertebral segments, each under all (48) modeled tracheal 
intubation force conditions. Table  1 summarizes model 
maximum values for intervertebral rotation and transla-
tion and the specific force conditions that resulted in these 
motions.24–30 Among the 14 combinations of motion (n = 
2; rotation and translation) and intervertebral segment (n 
= 7), all maximum values occurred with the maximum 
force magnitude (97.6 N). Other intubation force charac-
teristics (location, direction) causing maximum motions 
differed among motions and segments. To address our first 
question, table 1 also shows maximum physiologic values 
for intervertebral motion reported among seven clinical 
voluntary range of motion studies.24–30 Maximum values 
for intervertebral rotation and translation predicted by the 
model did not meaningfully exceed physiologically nor-
mal maximum values measured during voluntary cervical 
flexion and extension (for additional details and discussion 
see Supplemental Digital Content 2 [Clinical Studies of 
Voluntary Cervical Intervertebral Motion; http://links.
lww.com/ALN/C741]).
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Table 1 also summarizes model values for rotation and 
translation under routine intubation conditions. Among the 
7 segments, the differences between maximum and routine 
values for rotation and translation were 3.5 degrees or less 
and 1.1 mm or less, respectively. Thus, the predicted differ-
ences between maximum intervertebral motions during 
intubation and those occurring during a routine intubation 
are quantitatively small.

cervical cord Strain

Although our second aim pertained only to maximum 
(peak) values of strain present in any portion of the cord, 
the model predicted cord strain to be spatially heteroge-
nous, with peak strains present in different regions of the 
cord depending on the location of applied force. Figure 3 
shows the distribution of spinal cord strains at each of 
the four force application locations. Maximum principal 
(tensile) strain (stretch) was very low in most of the cord. 
However, there were foci of increased maximum prin-
cipal strain in the anterior cord. In addition, there were 
smaller foci of greater (peak) tensile strain in the poste-
rior cord at C1–C2 that were present at mid-C3 when 
force was applied at C4. Similarly, minimum principal 
strain (compression) was very low in most of the cord. A 
focus of increased (peak) compressive strain was present 
in the posterior cord at C1–C2 with the two most ceph-
alad force application locations (C2

SUP
 and C2

INF
) and was 

present at mid-C3 with the two most caudal force loca-
tions (C3 and C4).

Specifically addressing our second aim, some tracheal 
intubation conditions did result in potentially injurious 

cord strains. Figure 4 shows peak maximum and minimum 
principal strain under all (48) intubation force conditions. 
Peak maximum principal strain (stretch) did not exceed the 
potential injury threshold (0.14) in any modeled intuba-
tion force condition (0 of 48). The peak values for maxi-
mum principal strain were insensitive to force magnitude. 
In contrast, peak minimum principal strain (compression) 
exceeded the potential injury threshold (–0.20) in 3 of 48 
conditions, all with force applied at C4 with the greatest 
force magnitude (97.6 N). Peak values for minimum prin-
cipal strain were sensitive to force magnitude; compressive 
strains increased markedly when force magnitude exceeded 
24.4 N. Although peak compressive strains did not exceed 
the potential injury threshold when force was applied at the 
routine location (C3), compressive strains were close to the 
potential injury threshold with force magnitudes of 48.8 N 
or greater (see Discussion).

discussion

clinical Implications and Applications

In the presence of an intact (stable) spine, are there tra-
cheal intubation conditions in which cervical intervertebral 
motions exceed physiologically normal maximum values? 
The model predicted that the answer is no. Model predic-
tions for intervertebral rotation (flexion/extension) and 
translation (subluxation) did not exceed the range of vol-
untary motion reported in the clinical studies. This was so 
even with the maximum modeled force magnitude, 97.6 N, 
which approximates the greatest amount of force anesthesi-
ologists can apply with a conventional direct laryngoscope. 

Fig. 2. Segmental intervertebral rotation (A) and anterior–posterior translation (B) at each of seven cervical segments (occiput–c1 through 
c6–c7), each under 48 different intubation force conditions consisting of four locations (c2SUP, c2INF, c3, and c4), four magnitudes (24.4, 48.8, 
73.2, and 97.6 N), and three directions (50, 70, and 90 degrees). The values for each segment are color-coded (e.g., occiput–c1 is red, c1–c2 
is orange, and so forth). Positive rotation values indicate extension, and negative rotation values indicate flexion. Positive translation values 
indicate that the cranial vertebral body of the segment moves posterior to the caudal vertebral body, and negative translation values indicate 
the cranial vertebral body moves anterior to the caudal vertebral body.
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In our models, we included two intubation force locations 
that may, in fact, not be clinically achievable: one very ceph-
alad (C2

SUP
) and one very caudad (C4). However, this only 

serves to reinforce the conclusions of this study. We mod-
eled conditions that might truly be one in a million, and 
still it was practically impossible for tracheal intubation to 
cause an intact cervical spine to move beyond the maxi-
mum motions that occur voluntarily. This is the expected 
behavior of a stable cervical spine.

The second question was whether in the presence of an 
intact cervical spine there are tracheal intubation condi-
tions in which potentially injurious cervical cord strains can 
occur? Importantly, for this second question, we obtained a 
different answer. The model predicted that the answer is yes, 
conditionally. Notably, under force conditions approximating 
a routine intubation using a Macintosh blade, peak strains 
did not exceed estimated potential cord injury thresholds for 
maximum and minimum principal strains. This is an expected 
result because if injurious cord strains occurred during 
routine direct laryngoscopy and intubation, intubation- 
related cervical cord injury would be commonplace, 
which it is not. In fact, even when intubation force mag-
nitude was twice the routine value (97.6 N instead of  
48.8 N), when force was applied at the routine (C3) 

location, compressive strain did not exceed the potential 
injury threshold. Again, this is consistent with clinical expe-
rience, because even with a difficult intubation, cord injury 
is rare. However, when maximum force was applied in a 
location that was more caudal than is routine (i.e., force 
applied at C4), predicted compressive cord strains exceeded 
a potentially injurious value. Admittedly, it is difficult to 
imagine how, with any current laryngoscope, it would be 
helpful or even possible to apply such high force below 
the level of the glottis. Thus, in patients who have an intact 
cervical spine, it might appear to be practically impossible 
for the cervical cord to experience injurious strain during 
tracheal intubation.

There is, however, one critically important caveat. The 
caveat is that model predictions of whether or not injurious 
cord strains occur during tracheal intubation depend entirely 
on the levels of cord strain that cause injury. Strain values 
that cause cord injury in patients are not currently known. 
The potential strain injury thresholds used in this study are 
estimates (see Discussion, Limitations, and Supplemental 
Content 1 [Finite Element Model Development, Material 
Properties, Calculations, and Limitations; http://links.lww.
com/ALN/C740]). Logically, if a patient’s strain injury 
thresholds were less than our estimated injury thresholds 

table 1. Intervertebral rotation and Translation Predicted by the model under maximum and routine Intubation Force conditions and 
maximum Physiologically Normal Values reported in the Literature

variable value

intervertebral Segment

occiput–c1 c1–c2 c2–c3 c3–c4 c4–c5 c5–c6 c6–c7

rotation (degrees) model maximum 13.6 11.3 5.4 5.4 4.0 –1.5 –4.3

Physiologic maximum* 
model routine

14.2 8.3 9.3 11.3 13.3 –9.7 –12.5
11.7 7.2 3.1 1.9 0.6 –1.0 –2.1

Translation (mm) model maximum
Physiologic maximum*

model routine

2.3 1.5 1.8 –1.4 –2.0 –1.6 –0.6
1.7 0.8 0.9 –1.2 –1.2 –1.3 –0.9
1.4 0.9 0.7 –0.8 –1.0 –0.8 –0.3

Intubation force 
conditions: loca-
tion, magnitude 
(N), direction 
(degrees)

model maximum
rotation

c2INF c2INF c3 c4 c4 c3 c4 c4
97.6 N 97.6 N 97.6 N 97.6 N 97.6 N 97.6 N 97.6 N 97.6 N

50 50 50 50 90 70 50 70

model maximum
translation

c2
SUP c2SUP c3 c4 c4 c3 c4 c4 c4 c4

97.6 N 97.6 N 97.6 N 97.6 N 97.6 N 97.6 N 97.6 N 97.6 N 97.6 N 97.6 N
90 70 90 50 70 70 70 70 70 90

model routine c3 c3 c3 c3 c3 c3 c3

48.8 N 48.8 N 48.8 N 48.8 N 48.8 N 48.8 N 48.8 N
70 70 70 70 70 70 70

model rotation and translation values are analogous to group mean values. Physiologic maximum values are group mean values. For rotation, extension is represented with positive 
values and flexion is represented with negative values. For translation, translation of the superior vertebral body posterior to the inferior vertebral body is defined as posterior translation 
and is represented with positive values; translation of the superior vertebral body anterior to the inferior vertebral body is defined as anterior and is represented with negative values. 
See materials and methods for an explanation of intubation force conditions and notation. All force conditions are reported when there was more than one set of force conditions that 
resulted in equal maximum values for segmental motion.
*The values are the greatest mean values reported among seven clinical voluntary range of motion studies.24–30 These studies and their results are reviewed and discussed in greater 
detail in Supplemental Digital content 2 (clinical Studies of Voluntary cervical Intervertebral motion; http://links.lww.com/ALN/c741).
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(i.e., less than normal), strain-related cord injury could 
occur during routine intubation conditions. In other words, 
cord injury could occur even with normal intubation force 
and in the absence of pathologic cervical spine motion. 
In fact, there are several observations that suggest cervical 
cord injury does, in fact, occur in patients by this mech-
anism. First, in animal models, acute electrophysiologic 
responses (e.g., evoked potentials) serve as an indicator 
of neural sensitivity to acute cord strain.9,31 Second, in a 
study of 38 patients who had chronic cervical spondylotic 
myelopathy, spinal cord evoked potential (N13) amplitudes 
decreased when patients were placed in 20 degrees of head/
neck extension.32 Decreased evoked potential amplitudes 
with extension were not associated with cervical spine 
stability but were associated with measures of preexisting 
cervical cord compression.32 These observations suggest 
that patients who have spondylotic myelopathy may have 

less tolerance to acute increases in cord strain, even in the 
absence of instability. Third, in a closed claims study, 11 of 
37 patients who experienced perioperative cervical cord 
injury did so while undergoing a noncervical spine proce-
dure and with an apparently stable cervical spine.2 Most of 
these 11 patients had preoperatively unrecognized severe 
cervical spondylosis. Fourth, there are more than 20 case 
reports describing patients with severe cervical spondylo-
sis and who, in the absence of a difficult intubation, suf-
fered intraoperative cervical cord injury during noncervical 
spine surgery33–35 (for additional references and discussion, 
see Supplemental Digital Content 3 [Case Reports of 
Perioperative Cervical Spinal Cord Injury in Patients with 
Cervical Spondylosis; http://links.lww.com/ALN/C742]). 
Accordingly, we hypothesize that patients who have severe 
cervical spondylosis have less tolerance to acute cord strain 
and consequently have greater potential to experience 

Fig. 3. cervical spinal cord strain distributions. Using routine values for intubation force magnitude (48.8 N) and direction (70 degrees), 
the regional distribution of maximum principal strain (stretch) in sagittal and transverse sections of the cervical spinal cord at four force 
application locations are shown in (A) through (D). In the sagittal views, the white arrows show the locations and directions of the applied 
forces, and the red arrows show the locations of peak cord strain. At each force location, the transverse view of the cord corresponds to the 
location of the peak cord strain (red arrows). (E) through (H) show the regional distributions of minimum principal strain (compression), using 
the same conventions.
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potentially injurious cord strain during an otherwise rou-
tine (normal force) intubation. Figure  4 shows that peak 
compressive strains increase markedly and approach the 
potential injury threshold when force magnitude exceeds 
24.4 N, which is half the value applied during a routine 
intubation with a Macintosh blade. Thus, in patients who 
may have increased susceptibility to strain-related cord 
injury, we hypothesize that low-force laryngoscopy20 may 
confer less risk of strain-related cervical cord injury.

Intubation-related cervical cord Injury

The findings of this study suggest that the approach to pre-
venting intubation-related cervical cord injury should be 
reconsidered. The model suggests that cervical cord injury 
from tracheal intubation is not directly related to the motion 
of the cervical spine but instead by the resultant spinal cord 

deformation, i.e., strain. This mechanism of injury would 
apply regardless of whether the cervical spine is intact (sta-
ble) or injured (unstable). We suggest that airway manage-
ment of patients who have disease of the cervical spine or 
cord should no longer exclusively focus on minimizing cer-
vical spine motion. Instead, an additional, more mechanisti-
cally oriented goal, should be to minimize cervical cord strain.

Limitations

As previously reported, when compared to patients, the 
current model appears to underestimate intubation- 
related extension at C3–C4 and C4–C5 by 2 or 3 degrees.16 
This may be caused by the imposed kinematic constraint 
of the C7 vertebral body. Although the difference between 
observed and predicted motion is small at these two seg-
ments, we cannot estimate how much this difference 

Fig. 4. Peak spinal cord strain values as determined by intubation force location, magnitude, and direction. The figure shows the peak values 
of maximum principal strain (stretch, green points and lines) and minimum principal strain (compression, purple points and lines) present at 
any location in the cervical spinal cord under 48 different intubation force conditions consisting of four locations (c2SUP, c2INF, c3, and c4), 
four magnitudes (24.4, 48.8, 73.2, and 97.6 N), and three directions (50, 70, and 90 degrees). Potential cord injury thresholds are shown as 
color-matched dashed lines. Three values of minimum principal strain exceed the potential injury threshold (–0.20), each with force applied 
at c4 with maximum force magnitude.
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might affect model values for cord strains in the more cau-
dal regions of the cervical cord. In a future version of the 
model, inclusion of the first thoracic (T1) vertebral segment 
will permit C7–T1 motion, and this may increase subaxial 
segmental motion.

Because model anatomy was derived from a single adult 
human subject and because mean material property data were 
utilized to define the model, the lack of geometric and mate-
rial property variation produces deterministic (i.e., single- 
valued) motion and strain values. Accordingly, the current 
model does not simulate the inherent variation across the 
human population but instead represents an anthropometri-
cal mean, i.e., an “average” patient. In the future, to account 
for variation in geometry and material properties across the 
general population, probabilistic methods will be dovetailed 
with the current model. With probabilistic analyses, model 
parameters (anatomy, material properties) are not defined by 
a single value but are sampled from a distribution that rep-
resents the population’s variation, and the model is solved 
many times to develop a distribution of output variables.36

The values used to definite potential strain injury 
thresholds—50% of 50% cord injury values observed in 
nonhuman primates (see Materials and Methods)—are 
unavoidably speculative. In living humans, injurious cord 
strain values are not currently known. A recent mag-
netic resonance imaging study of nine healthy volunteers 
reported in vivo maximum and minimum principal strains 
in sustained extension (without pain or symptoms) were 
approximately 0.12 and –0.14, respectively.37 Thus, potential 
strain injury thresholds used in our simulations (0.14 for 
maximum and –0.20 for minimum principal strains, respec-
tively) were greater than cord strains that appear to be non-
injurious in healthy asymptomatic patients. Thus, potential 
injury thresholds used in this study do not appear to be too 
low and, as a result, do not appear to greatly overestimate 
the potential for intubation-related cord injury.

The current model does not include an explicit repre-
sentation of spinal cord gray and white matter. These tissues 
may38,39 or may not40 have different primary biomechanical 
properties, and the rostral–caudal alignment of axonal fibers 
in the spinal cord white matter provides a direction-specific 
mechanical response.39 Gray matter may have lesser strain 
tolerances than white matter,10–12,14,41 although the difference 
is small (10 to 20%). Thus, spinal cord strain fields42,43 and 
regional (intracord) susceptibility to strain injury are cer-
tain to be more complex than are represented in the current 
version of our model. For additional discussion of model 
limitations see Supplemental Content 1 (Finite Element 
Model Development, Material Properties, Calculations, and 
Limitations; http://links.lww.com/ALN/C740).

conclusions

In the presence of an intact cervical spine, computational 
modeling predicted that intervertebral motions during 
tracheal intubation did not exceed normal physiologic 

(voluntary) maximum values, even under high-force condi-
tions. In contrast, under nonroutine high-force conditions, 
the model predicted that potentially injurious cervical cord 
strains could occur. In patients who have less than normal 
tolerance to acute cord strain (e.g., patients with cervical 
myelopathy), cord strains occurring during routine tracheal 
intubation conditions could approach potentially injurious 
values. In such patients, low-force laryngoscopy may reduce 
the risk of intubation-related (i.e., strain-related) cervical 
cord injury.
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