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Abstract
Background: Histology-based methods are com-

monly used in osteoarthritis (OA) research because 
they provide detailed information about cartilage 
health at the cellular and tissue level. Computer-
based cartilage scoring systems have previously 
been developed using standard image analysis 
techniques to give more objective and reliable 
evaluations of OA severity. The goal of this work 
was to develop a deep learning-based method to 
segment chondrocytes from histological images 
of cartilage and validate the resulting method via 
comparison with human segmentation.

Methods: The U-Net approach was adapted for 
the task of chondrocyte segmentation. A training 
dataset consisting of 235 images and a validation 
set consisting of 25 images in which individual 
chondrocytes had been manually segmented, were 
used for training the U-Net. Chondrocyte count, 
detection accuracy, and boundary segmentation of 
the trained U-Net was evaluated by comparing its 
results with those of human observers. 

Results: The U-Net chondrocyte counts were not 
significantly different (p = 0.361 in a paired t-test) 
than the algorithm trainer counts (Pearson correla-
tion coefficient = 0.92). The five expert observers 
had good agreement on chondrocyte counts (intra-
class correlation coefficient = 0.868), however 
the resulting U-Net counted a significantly fewer 
chondrocytes than the average of those expert ob-
servers (p < 0.001 in a paired t-test). Chondrocytes 
were accurately detected by the U-Net (F1 scores 

= 0.86, 0.90, with respect to the selected expert 
observer and algorithm trainer). Segmentation ac-
curacy was also high (IOU = 0.828) relative to the 
algorithm trainer. 

Conclusions: This work developed a method 
for chondrocyte segmentation from histological 
images of arthritic cartilage using a deep learning 
approach. The resulting method detected chon-
drocytes and delineated them with high accuracy. 
The method will continue to be improved through 
expansion to detect more complex cellular features 
representative of OA such as cell cloning.

Clinical Relevance: The imaging tool developed 
in this work can be integrated into an automated 
cartilage health scoring system and helps provide 
a robust, objective and reliable assessment of OA 
severity in cartilage.

Keywords: u-net, deep learning, chondrocyte 
segmentation, cartilage, osteoarthritis 

INTRODUCTION
Osteoarthritis (OA) is a joint disease associated with 

painful degenerative changes in articular cartilage and 
the underlying subchondral bone. Patients typically pres-
ent to physicians with end-stage OA after the cartilage 
has completely eroded and significant bony changes have 
taken place. Therefore, a large amount of OA-related 
research is focused on intervening earlier in the natural 
history of the disease, while cartilage is still present. De-
tailed information about cartilage health at the cellular 
and tissue level for this research is often obtained via 
histology-based methods. The histological characteristics 
of early OA include loss of the integrity of the articular 
surface and loss of proteoglycan (PG) content, together 
which can result in the disruption of the extra cellular 
matrix (ECM).  In this environment, chondrocytes initially 
become more active, replicating and producing more PG 
in an attempt to stabilize the ECM, but later dying within 
the compromised ECM.1 The severity of early OA is 
often characterized by scoring schemes based on these 
histological features. 

One of the earliest and most widely implemented scor-
ing schemes is the Mankin score, which independently 
evaluates articular surface integrity, cellularity, PG deple-
tion and tidemark integrity, and then sums the sub-scores 
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of each feature to obtain a single value to represent OA 
severity.2 There have been a number of other similar scor-
ing systems patterned on the Mankin score, including the 
OARSI, O’Driscoll, ICRS, and Knutsen scoring systems,3-5 
and further species-specific adaptations of several of these 
individual scoring schemes. Many of these systems were 
developed to formalize the extent to which the tissue is 
affected by the severity of degeneration, and they utilize a 
“stage” and “grade” approach then multiply these numbers 
to obtain a degeneration “score”.6  Despite the variation 
in scoring schemes, a common feature to all histological 
scoring schemes is the necessity to assess cartilage cel-
lularity and deviations from normal in order to obtain this 
OA severity score. 

Conventional application of any scoring scheme and 
thus the assessment of cellularity is performed by an 
experienced individual observing the specimen under a 
microscope and subjectively assigning a score. This ap-
proach usually results in high intra- and inter-observer 
variability.7 Therefore, more objective and reliable 
computer-based scoring systems are highly desirable. 
To develop such algorithms, methodologies to automati-
cally detect chondrocytes, articular cartilage boundaries, 
etc. using image analysis techniques must be developed.  
Identifying an object in a histological image requires it to 
visually appear different from the surrounding structures 
so that programs can be developed to extract it from the 
surrounding image.  There are many different techniques 
to achieve this identification, including thresholding, in 
which an object is identified by having a brightness or 
a color pattern that meets a specific cutoff value; edge 
detection using a variety of gradient-based filters to 
identify abrupt changes in color or brightness; watershed-
based methods which separate each object based on local 
minimums on object boundaries;8 and blob detection which 
utilizes a shape-detection method to identify objects of 
interest.9 The challenge of using any of these techniques 
to identify chondrocytes in histological images of arthritic 
cartilage is that there is a huge variety in the appear-
ance of cartilage associated with the disease as well as 
the histological processing and staining itself (Figure 1). 

Modern artificial intelligence-type approaches have 
been brought to bear on challenging image analysis tasks 
similar to identifying individual cells within images.  
“Deep learning” is one such technique that has achieved 
enormous success in advanced image analysis applica-
tions. The use of convolutional neural networks (CNN 
or ConvNets), a typical deep learning model designed to 
process image data, has performed excellently in several 
computer vision applications including object detection 
and semantic segmentation.10,11 In contrast to conventional 
segmentation methods, in which the computer is explic-
itly instructed to execute a series of programmer-selected 

steps to perform a segmentation task, a CNN model can 
“learn” to do the task, essentially developing an internal 
series of steps needed to perform the segmentation from 
a set of raw input images and the associated “correct” seg-
mentations.  To do this, the CNN iteratively outputs a seg-
mentation image (prediction), which is computationally 
compared with the gold standard human segmentation 
for the image (ground truth). The model is programmed 
to learn from this comparison by optimizing the internal 
routine in-use to output a prediction that is progressively 
closer to the ground truth.  This process is referred to 
as training. It has been shown that a CNN can not only 
learn to identify lower level image features like color 
and edges, but also higher level image features such as 
histograms of oriented gradients.12 This ability to identify 
complicated features in image representation allows the 
CNN to outperform traditional image processing methods. 
We hypothesized that an appropriately trained CNN 
model could achieve excellent chondrocyte segmentation 
accuracy. The goal of this work was to adapt and train 
the U-Net, a CNN model with providing excellent cell 
segmentation in other contexts,13 to  perform chondrocyte 
segmentation and then to compare the automated results 
to the gold standard of human segmentations. 

METHODS
General Approach and U-Net Architecture  

The U-Net is a symmetrical CNN model consisting of 
a contracting path followed by an expansive path (Figure 
2).13 Beginning at the contracting path, the histology 

Figure 1. Common variations in chondrocyte appearance in normal 
and osteoarthritic cartilage.  OA results in loss of red PG staining 
(upper right and lower left) and cloning (lower left). Thick or torn 
sections result in deformed or indistinct chondrocytes (lower right). 
High PG intensities can also partially obscure cells present only in 
the slide-side half of the tissue section (lower left). Composing a 
single analysis algorithm to address this level of variation has proven 
challenging.
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image is convoluted using different learnable filters to 
extract different features (such as colors and edges) at 
each location in the image. This operation results in an 
intermediate, multi-channel image with each channel 
representing the detection of a certain feature using the 
associated learning filter. Next, the “max-pooling” layer 
down-samples the intermediate image with respect to 
its height and width in order to obtain the most repre-
sentative feature combination in each local region. This 
process (convolution and max-pooling) is repeated to 
extract higher level features, e.g. different appearances 
of nuclei. At the deepest level, the intermediary image 
containing the highest level features enters the expansive 
path. It becomes up-sampled and concatenated with the 
corresponding intermediate image that was generated 
along the contracting path. The objective is to localize 
critical information from high-level features to a known 
location in the histology image space. The expansive path 
terminates with an image of the same size and resolution 
as the input histology image. A loss function is then used 
to quantify the difference between the model prediction 
segmentation image and the ground truth segmentation 
image. Therefore, selection of an appropriate loss function 
for comparison with the ground truth image will depend 
on the nature of the image being analyzed. 

Training the algorithm also requires two different 
input datasets, both of which are selected to encompass 
the range of appearance of chondrocytes in the cartilage. 
Training is conducted by providing the algorithm with 
each pair of images/ground truth segmentations that are 
in the designated “training set”. The corresponding loss is 
then minimized over multiple iterations of the algorithm 
in which the convolution filters are modified. To prevent 
overfitting to the training set, after every training itera-
tion (called an epoch), the model is required to predict on a 
fully separate set of images/ground truth segmentations, 
termed the validation set. This ensures that the model 
will remain accurate for yet unseen images. The model is 
saved when the lowest validation loss is achieved.

U-Net Adaption and Training for Chondrocyte 
Segmentation

In this study, the U-Net framework was adapted for 
analysis of 256 x 256 color (RGB) histology images. Each 
convolutional layer of the U-Net utilized 3 x 3 filters fol-
lowed by a batch normalization layer and rectified linear 
unit activation function.14 A batch normalization layer 
was also added after the concatenation layer (bottom of 
the U) along the expansive path. At the final output layer, 
sigmoid activation was applied to result in an output im-
age with values between 0 and 1, which represents the 
probability value range of a given pixel being a cell (1) or 
not in a cell (0). A binary cross entropy loss function was 
utilized to compute the probability difference between the 
U-Net prediction image and the ground truth segmenta-
tion image.15 For each pixel, the difference between the 
prediction value and the ground truth value (loss) at that 
pixel location is computed, weighted, and normalized by 
the sum of weights over the entire image to form the final 
loss function to be minimized by optimization. The weight 
is taken from a weight map, which is a precomputed 
constant from the ground truth segmentation (Figure 3). 
Higher weight values force the associated feature to be 
learned with greater emphasis. In this work, the weight 
value for each pixel in the weight map was the inverse 
of the frequency of the pixel’s ground truth class (cell 
or not cell) appearing in the full ground truth map. This 
approach forces the model to preferentially learn cells.  
Similarly, the values of the pixels along the borders of 
very closely adjacent cells were weighted higher to im-
prove border detection the border between very closely 
adjacent cells (Figure 3).  

To train the algorithm, safranin-o/fast green-stained 
histological sections of rabbit cartilage with varying 
degrees of arthritic changes induced by ACL transec-
tion16 and medial meniscus destabilization17 were used.  
Histological sections were digitized using a stage scan-
ner microscope (Olympus VS110, Olympus America Inc., 
Center Valley, PA, USA) at a resolution of 322.25 nm/

Figure 2. U-Net architecture:13 the left side of the “U” shape represents the contracting path, while the right side represents the expansive path.
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pixel. Training and validation image (256 x 256 pixels) 
sets of 235 and 25 images, respectively, were selected to 
encompass chondrocytes with different sizes, shapes, ap-
pearances, and zones of origin. The chondrocytes in each 
image in both sets were manually segmented by a single 
individual leading algorithmic development (hereafter 
referred to as the “algorithm trainer”) using MATLAB 
(R2018b, The Mathworks, Natick MA). To increase the 
number of images in the training set in order to reduce 
model overfitting, data augmentation was utilized to 
increase the number of images in the training data set 
without requiring additional manual segmentation. The 
data augmentation included image rotation, mirroring, 
and brightness adjustment to reproduce the variability 
of cartilage histology in practice. 

The U-Net model was implemented using the open 
source deep learning library Keras with TensorFlow 
backend (https://keras.io/). An NVIDIA Tesla K80 GPU 
was used for model training. The model was randomly 
initialized according to the work by Glorot and Bengio,18 
and dropout layers were applied at the expansive path to 
further prevent overfitting.19 Due to the GPU memory 
limitation, a batch size of 1 pair of training images at a 
time was used. The model was trained for 60 epochs (train-
ing iteration + validation check) using an Adam optimizer 
(learning rate = 5*10-4, momentum = 0.99).20 

Model Evaluation
The trained U-Net was evaluated in terms of perfor-

mance in the following three related tasks: chondro-
cyte counting, chondrocyte detection, and chondrocyte 
boundary segmentation.  As the goal of this work was to 
improve upon manual segmentation and assessment of 
chondrocytes, data from the U-Net were compared with 
manual cell segmentations performed by five expert 
observers with experience identifying chondrocytes in 
histological, immunohistochemical and fluorescent confo-
cal microscopic images.  This comparison was performed 
on a totally separate set of 30 images (testing set).  Five 
of the 30 images in the set were repeated to assess intra-
observer variability in the segmentation process.  Image 
selection, format and segmentation were performed as 
described above. Manual segmentation of this additional 
testing set was also performed by the algorithm trainer 
and compared with U-Net’s performance. Intra-class cor-
relation coefficient (ICC) among the expert observers 
was calculated to quantify inter-observer variability in 
chondrocyte counting. An ICC value greater than 0.8 was 
considered good agreement between the observers.21 For 
each of the five observers, a Pearson’s correlation coeffi-
cient was computed between the replicate segmentations 
of the repeated images in the data set.  Similarly, Pearson’s 
correlation coefficients were computed between the U-Net 
predictions and the average of the expert observers and 
between the U-Net predictions and the algorithm trainer.

Chondrocyte detection accuracy was evaluated using 
an F1 score.22 Given a pair of segmentations (prediction 
and manual segmentation), the F1 score is calculated as 
the harmonic mean of precision (P) and recall (R) using 
the following equations: 

where Ntp, Nfp, and Nfn denote the number of true posi-
tives (TP), false positives (FP), and false negatives (FN), 
respectively.22 A U-Net predicted cell covering more than 
40 percent of the manually segmented cell was considered 
a true positive; otherwise it was considered a false posi-
tive. A false negative was defined as less than 40 percent 
of a manually segmented cell being intersected by a U-
Net-predicted cell. Precision or recall values close to 1.0 
indicate very few FP or FN, respectively. A F1 score of 
1.0 thus represents perfect detection. The F1 score was 
computed relative to the algorithm trainer and relative 
to a representative expert observer.

To evaluate the accuracy of the U-Net chondrocyte 
segmentation, an intersection over union (IOU) metric 
(Figure 4) was computed between the U-Net segmenta-
tions and the algorithm trainer segmentations.13 A perfect 
U-Net segmentation is identical to the ground truth seg-

Figure 3. Example histology image of chondrocytes (top left) with 
the associated ground truth segmentation (bottom left). The U-Net 
is trained using a series of these image/segmentation pairs. The 
segmentation mask is overlaid on the histology image on the top 
right. A weight map (bottom right) assigning loss weights for each 
pixel is precomputed from the ground truth segmentation. Warmer 
colors represent higher weight value assigned to the loss of the cor-
responding pixel, which forces the U-Net to learn preferentially in 
those higher-weighted regions.  
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mentation, which gives an IOU value of 1.0.  No overlap 
of cells between the two segmentations yields a value of 
zero. Object-wise IOU was calculated for each individual 
chondrocyte in each of the 35 test images, and a total 
IOU value was computed by summing the chondrocyte 
size-weighted IOU of all chondrocytes. 

RESULTS
U-Net training with the parameters specified above 

required approximately 90 minutes. Both the training loss 
and validation loss started from infinity and decreased 
below 0.2 after 20 epochs. The model was saved when 
it achieved the lowest validation loss (0.152) (Figure 5). 

There was good inter-observer agreement (ICC = 0.868) 
in cell counting among the five expert observers. Intra-
rater agreement was excellent with Pearson’s correlation 
coefficients of 0.984, 0.979, 0.994, 0.922, and 0.974. Despite 
reasonable correlation between the U-Net and the expert 
observer chondrocyte counts (0.786, 0.771, 0.75, 0.85, and 
0.858), the U-Net predictions of chondrocyte counts were 
on average 24% (±15%) lower than the average of the 
expert observer counts (Table 1).  This difference was 
statistically significant (p < 0.001 in a paired t-test).  In 
contrast, the Pearson’s correlation coefficient between 
the trained U-Net model and the algorithm trainer was 
higher (0.92), and there were no statistically significant 
differences in the number of chondrocytes counted (p = 
0.361 in a paired t-test).  Chondrocytes were accurately 
detected, with a majority of true positives and very few 
false detection (both FP and FN) (Figure 6).  F1 scores (for 
accuracy of cell detection) of 0.86 and 0.90 were achieved 
for the selected expert observer and algorithm trainer, 
respectively. Segmentation accuracy relative to the al-
gorithm trainer was also high (IOU = 0.828). Generally, 
chondrocytes with an elongated shape (as would be found 

Figure 4. A schematic illustration of intersection over union (IOU) 
is shown on the left. IOU is calculated based on the overlapping 
(intersection) and the total (union) area of a given cell pair. On the 
right are two example segmentation comparisons overlaid on the 
original image yellow contours represent the manual segmentation 
by the algorithm trainer, and transparent blue mask represents U-
Net segmentation. An overall IOU > 0.95 is achieved in these two 
examples, indicating excellent chondrocyte segmentation.

Figure 5. The output from the training process is plotted, illustrating 
the minimization of both training loss and validation loss. Training 
loss decreases steadily through iterations while validation loss gener-
ally decreases in a fluctuating manner. The minimum validation loss 
occurred at the 44th epoch and the model was saved.

Figure 6. Chondrocyte detection by U-Net com-
pared with the manual segmentations of two dif-
ferent human observers. The images analyzed with 
the trained U-Net and evaluated by the human 
observers are shown in the top row. The resulting 

U-Net segmentations are compared with one of the expert observ-
ers (middle row) and with the algorithm trainer (bottom row).  The 
middle and bottom rows are colorized manual segmentation maps 
with colors indicating detection accuracy. 

Figure 7. An example of relatively poor performance of our trained 
U-Net is shown. Several chondrocytes from superficial zone are 
missed, as indicated by their blue color in the middle image.  Seg-
mentation accuracy was also reduced in the superficial zone as 
indicated with a lower IOU shown in the right image (zoomed in 
view of red boxed area).
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Table 1. Cell Counts for Each Individual Observer and the Associated U-Net Counts

Expert Observer Expert Algorithm

1 2 3 4 5 Observer Average U-Net Trainer

Image 1 66 72 65 73 70 69 58 59

Image 2 21 25 22 22 23 23 18 20

Image 3 35 44 35 48 35 39 27 27

Image 4 45 41 40 48 44 44 41 37

Image 5 42 42 41 44 43 42 26 30

Image 6 28 42 22 29 27 30 27 22

Image 7 45 51 38 47 40 44 32 31

Image 8 57 60 54 59 64 59 56 53

Image 9 40 43 39 37 40 40 31 32

Image 10 67 70 65 37 68 61 40 46

Image 11 32 44 29 33 32 34 33 31

Image 12 51 48 46 39 39 45 23 26

Image 13 36 45 35 36 33 37 34 32

Image 14 34 34 29 30 28 31 19 25

Image 15 42 52 33 32 36 39 25 25

Image 16 41 45 37 45 43 42 36 36

Image 17 67 69 60 65 67 66 55 53

Image 18 63 55 51 60 59 58 53 47

Image 19 19 30 18 22 21 22 19 18

Image 20 76 75 72 71 68 72 50 52

Image 21 52 48 49 42 45 47 30 35

Image 22 26 40 26 25 26 29 24 21

Image 23 44 50 43 46 42 45 35 36

Image 24 54 56 53 46 49 52 37 46

Image 25 37 40 37 37 41 38 32 31

Image 26 35 55 30 35 37 38 32 23

Image 27 34 58 34 36 36 40 30 30

Image 28 56 58 48 58 49 54 48 43

Image 29 41 51 35 37 36 40 27 28

Image 30 42 45 43 35 38 41 12 25

Image 31 43 49 41 44 41 44 26 33

Image 32 27 46 25 27 28 31 27 22

Image 33 60 67 57 60 57 60 56 54

Image 34 95 102 93 87 83 92 58 73

Image 35 48 51 47 49 43 48 23 26
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in superficial zone) were less accurately detected (Figure 
7). The U-Net was also less accurate in identification of 
small cells, out of plane cells, or in torn cartilage with a 
“fuzzy” appearance.

DISCUSSION
Histopathological features encode important informa-

tion about cartilage pathology and are often interpreted 
by human observers to evaluate cartilage health. Com-
puter-based, automated evaluation of cartilage has been 
limited by challenges associated with using standard im-
age analysis routines on the wide variety of chondrocyte 
appearances in osteoarthritic cartilage.23 As cellularity 
(cell density, organization, etc), is a key feature of dif-
ferent stages of OA severity, inaccurate cell counts limit 
the utility of some computational analysis algorithms. 
In this study, a state-of-the-art deep learning method 
to improve automated chondrocyte segmentation was 
developed and evaluated. A specific CNN architecture 
termed the U-Net was trained using normal and arthritic 
rabbit cartilage samples and compared to gold-standard 
chondrocyte segmentations.  The trained U-Net model 
was able to automatically and objectively identify cells 
accurately compared to several human observers.  Fur-
thermore, the chondrocyte boundaries identified by the 
trained U-Net model were very similar to those traced by 
human observers, especially for chondrocytes that were 
not immediately adjacent to the articular surface.

In contrast to traditional image processing methods 
which require explicit computer programming to teach 
the computer to detect cells from low-level features, the 
U-Net can detect and segment cells by learning multiple 
high-level features such as cell components (cytoplasm 
and nucleus) and cellular organization. This approach as-
sists with separating cells that are immediately adjacent 
to or even overlapping each other, while remaining robust 
to many artifacts of histological processing. The U-Net 
has previously been adapted to other cell segmentation 
tasks where different cell types are the objects of the 
interest with excellent results;24 however, to the best of 
our knowledge, this work is among the first to use the 
U-Net approach to identify chondrocytes with a goal of 
automatically and objectively assessing OA severity.  

There are several limitations to this work that should 
be considered.  First, the results of the correlation analysis 
indicated that our trained U-Net correlated better with 
the segmentations of the algorithm trainer than with 
those of the expert observers. This makes intuitive sense 
given that the U-Net was trained on the segmentation 
pattern of that algorithm trainer.  Training the U-Net on 
a set of images representing expert consensus segmenta-
tion may result in a slightly differently trained model 
that is able to more accurately replicate expert observer 
cell counts.  The U-Net was trained and tested on rabbit 

cartilage, and it is not yet clear if a single model will be 
accurate for evaluating cartilage of different species, or if 
separate algorithms will need to be trained for the variety 
species used to model OA.  It is still challenging for the 
model to detect and segment chondrocytes that reside in 
the superficial zone. Some of those cells are very small, 
elongated in shape, and have homogeneous color patterns, 
which is a combination of features that in deeper zones is 
related to artifact or out of plane cells.  Further training 
of the U-Net that includes more images of cells from the 
superficial zone with this appearance and more images 
of true non-cells from the deeper zones could improve 
performance of the U-Net prediction in a wider variety 
of cartilage locations.  Finally, only a single probability 
threshold was utilized in this work, and it is possible 
that a systematic evaluation of threshold values could be 
performed to identify an optimal value for cell retention 
in the U-Net images. 

In this project, state-of-the-art deep learning has applied 
a version of the U-Net method to detect and segment chon-
drocytes from histologic images of arthritic cartilage. 
This is a first attempt to bring machine learning to the 
critical histological data analysis nodes within the field of 
orthopedic research. Future work will include improving 
the U-Net’s performance to agree with expert opinion, as 
well as expanding the application to detect more complex 
cellularity features representative of OA such as cell 
cloning and more complex histological artifacts such as 
those associated with fraying or torn tissue. The result-
ing chondrocyte segmentation tool will be integrated into 
an automated Mankin scoring system23 and used more 
generally as a robust, objective technique for chondrocyte 
identification in image processing.

ACKNOWLEDGMENT
The authors wish to thank Dr. Stephen Baek from the 

Department of Industrial Engineering at the University 
of Iowa for helpful discussions of deep learning method-
ology.

REFERENCES
1. Blanco, F.J., et al., Osteoarthritis chondrocytes die 

by apoptosis. A possible pathway for osteoarthritis 
pathology. Arthritis Rheum, 1998. 41(2): p. 284-9.

2. Mankin, H., Biochemical and metabolic aspects 
of osteoarthritis. The Orthopedic clinics of North 
America, 1971. 2(1): p. 19-31.

3. O’Driscoll, S.W., F.W. Keeley, and R.B. Salter, 
The chondrogenic potential of free autogenous 
periosteal grafts for biological resurfacing of major 
full-thickness defects in joint surfaces under the influ-
ence of continuous passive motion. An experimental 
investigation in the rabbit. J Bone Joint Surg Am, 1986. 
68(7): p. 1017-35.



L. Yang, M.C. Coleman, M.R. Hines, P.N. Kluz, M.J. Brouillette, J.E. Goetz

8  The Iowa Orthopedic Journal

4. Mainil-Varlet, P., et al., Histological assessment of 
cartilage repair: a report by the Histology Endpoint 
Committee of the International Cartilage Repair So-
ciety (ICRS). J Bone Joint Surg Am, 2003. 85-A Suppl 
2: p. 45-57.

5. Knutsen, G., et al., Autologous chondrocyte im-
plantation compared with microfracture in the knee. 
A randomized trial. J Bone Joint Surg Am, 2004. 86-a(3): 
p. 455-64.

6. Pritzker, K.P., et al., Osteoarthritis cartilage 
histopathology: grading and staging. Osteoarthritis 
Cartilage, 2006. 14(1): p. 13-29.

7. Pauli, C., et al., Comparison of cartilage histopathol-
ogy assessment systems on human knee joints at all 
stages of osteoarthritis development. Osteoarthritis 
Cartilage, 2012. 20(6): p. 476-85.

8. Lin, G., et al., A hybrid 3D watershed algorithm 
incorporating gradient cues and object models for 
automatic segmentation of nuclei in confocal image 
stacks. Cytometry A, 2003. 56(1): p. 23-36.

9. Byun, J., et al., Automated tool for the detection of 
cell nuclei in digital microscopic images: application 
to retinal images. Mol Vis, 2006. 12: p. 949-60.

10. Redmon, J., et al. You only look once: Unified, 
real-time object detection. in Proceedings of the IEEE 
conference on computer vision and pattern recognition. 
2016.

11. Long, J., E. Shelhamer, and T. Darrell. Fully 
convolutional networks for semantic segmentation. 
in Proceedings of the IEEE conference on computer 
vision and pattern recognition. 2015.

12. Dalal, N. and B. Triggs. Histograms of oriented 
gradients for human detection. in Computer Vision 
and Pattern Recognition, 2005. CVPR 2005. IEEE 
Computer Society Conference on. 2005. IEEE.

13. Ronneberger, O., P. Fischer, and T. Brox. U-net: 
Convolutional networks for biomedical image segmen-
tation. in International Conference on Medical image 
computing and computer-assisted intervention. 2015. 
Springer.

14. Ioffe, S. and C.J.a.p.a. Szegedy, Batch normaliza-
tion: Accelerating deep network training by reducing 
internal covariate shift. 2015.

15. Goodfellow, I., et al., Deep learning. Vol. 1. 2016: 
MIT press Cambridge.

16. Tochigi, Y., et al., Instability dependency of osteo-
arthritis development in a rabbit model of graded 
anterior cruciate ligament transection. J Bone Joint 
Surg Am, 2011. 93(7): p. 640-7.

17. Goetz, J.E., et al., Time-dependent loss of mito-
chondrial function precedes progressive histologic 
cartilage degeneration in a rabbit meniscal destabili-
zation model. J Orthop Res, 2017. 35(3): p. 590-599.

18. Glorot, X. and Y. Bengio. Understanding the diffi-
culty of training deep feedforward neural networks. in 
Proceedings of the thirteenth international conference 
on artificial intelligence and statistics. 2010.

19. Srivastava, N., et al., Dropout: a simple way to pre-
vent neural networks from overfitting. 2014. 15(1): p. 
1929-1958.

20. Kingma, D.P. and J.J.a.p.a. Ba, Adam: A method 
for stochastic optimization. 2014.

21. Koo, T.K. and M.Y. Li, A Guideline of Selecting 
and Reporting Intraclass Correlation Coefficients 
for Reliability Research. J Chiropr Med, 2016. 15(2): 
p. 155-63.

22. Chen, H., et al., DCAN: Deep contour-aware net-
works for object instance segmentation from histology 
images. Med Image Anal, 2017. 36: p. 135-146.

23. Moussavi‐Harami, S.F., et al., Automated ob-
jective scoring of histologically apparent cartilage 
degeneration using a custom image analysis program. 
2009. 27(4): p. 522-528.

24. Zhang, M., et al., Image Segmentation and Clas-
sification for Sickle Cell Disease using Deformable 
U-Net. 2017.



Volume 39 Issue 2  9

ABSTRACT
Background: Calcium phosphate materials have 

been employed clinically as bone void fillers for 
several decades.  These materials are most often 
provided in the form of small, porous granules that 
can be packed to fill the wide variety of size and 
shape of bony defects encountered.  ReBOSSIS-85 
(RB-85) is a synthetic bioresorbable bone void 
filler for the repair of bone defects with handling 
characteristics of glass wool-like (or cotton ball-
like).  The objective of this study is to evaluate 
the in vivo performance of RB-85 (test material), 
compared to a commercially available bone void 
filler, Mastergraft Putty (predicate material), when 
combined with bone marrow aspirate and iliac 
crest autograft, in an established posterolateral 
spine fusion rabbit model.  

Methods:  One hundred fifty skeletally mature 
rabbits had a single level posterolateral fusion per-
formed.  Rabbits were implanted with iliac crest 
bone graft (ICBG), Mastergraft Putty™ plus ICBG, 
or one of 4 masses of ReBOSSIS-85 (0.2, 0.3, 
0.45, or 0.6 g) plus ICBG.  Plain films were taken 
weekly until euthanasia.  Following euthanasia at 
4, 8, and 12 weeks, the lumbar spine were tested 
by manual palpation.  Spinal columns in the 12 
week group were also subjected to non-destructive 
flexibility testing.  MicroCT and histology were 
performed on a subset of each implant group at 
each euthanasia period.  

Results:  Radiographic scoring of the fusion sites 
indicated a normal healing response in all test 
groups.  Bilateral radiographic fusion rates for all 
test groups were 0% at 4 weeks; ICBG 43%, Mas-

tergraft Putty 50%, RB-85-0.2g 0%, RB-85-0.3g 
13%, RB-85-0.45g 38%, and RB-85-0.6g 63% at 
8 weeks; and ICBG 50%, Mastergraft Putty 50%, 
RB-85-0.2g 0%, RB-85-0.3g 25%, RB-85-0.45g 
36%, and RB-85-0.6g 50% at 12 weeks.

Spine fusion was assessed by manual palpation 
of the treated motion segments.  At 12 weeks, 
ICBG, MGP, and RB-85-0.6g were fused mechani-
cally in at least 50% of the rabbits.  All groups 
demonstrated significantly less range of motion in 
both flexion/extension, lateral bending, and axial 
rotation compared to normal unfused controls. 

Histopathology analysis of the fusion masses, 
in all test groups, indicated an expected normal 
response of mild inflammation with macrophage 
and multinucleated giant cell response to the graft 
material at 4 weeks and resolving by 12 weeks.  
Regardless of test article, new bone formation and 
graft resorption increased from 4 to 12 weeks 
post-op.

Conclusions:  This animal study has demon-
strated the biocompatibility and normal healing 
features associated with the ReBOSSIS-85 bone 
graft (test material) when combined with autograft 
as an extender.  ReBOSSIS-85 was more effective 
when a larger mass of test article was used in 
this study. 

Clinical Relevance:  ReBOSSIS-85 can be used 
as an extender negating the need for large amounts 
of local or iliac crest bone in posterolateral fusions.

Keywords: synthetic bone graft substitute, pos-
terolateral fusion, animal model 

INTRODUCTION
Iliac crest autograft (ICBG) has long been consid-

ered the gold standard in achieving long-term spinal 
arthrodesis,1-11 despite the morbidity rate associated with 
graft harvest.12,13 In response, a number of commercially 
available synthetic bone graft extenders and autograft 
alternatives have been developed.14-20 Most common sub-
stitutes and extenders are allografts, demineralized bone 
matrices, collagen matrices with bone morphogenetic 
proteins (BMPs), and ceramics.1 Ceramic bone grafts 
are porous and resorbable making them optimal for bone 
ingrowth.21-29 Ceramic bone grafts are osteoconductive 
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and can be combined with osteoinductive factors such 
as bone marrow aspirate to maximize bone growth.30 

Calcium phosphate materials have been employed 
clinically as bone void fillers for several decades. 
These materials are most often provided in the form 
of small, porous granules that can be packed to fill the 
wide variety of size and shape of bony defects encoun-
tered.  Recently, ReBOSSIS85 was developed and is a 
synthetic bioresorbable bone void filler for the repair 
of bone defects with handling characteristics of glass 
wool-like (or cotton ball-like) material. ReBOSSIS85 is 
a synthetic, resorbable bone void filler. It is composite 
material consisting of (by weight) 40% beta-tricalcium 
phosphate (β-TCP), 30% siloxane-containing vaterite (a 
form of calcium carbonate, CaCO3), and 30% poly(L-
lactide-co-glycolide). Siloxane-containing vaterite has 
been synthesized by doping calcium carbonate with 2-3% 
of siloxane with an amino group.34 Fibrous composites 
were prepared by blending siloxane-containing vaterite 
and β-TCP with PLGA using kneading and subsequent 
electrospinning. The electrospinning process used in 
manufacturing ReBOSSIS-85 results in a glass wool-like 
physical form. The diameter of the fibers in the PLGA 
scaffold ranges from 50 μm to 100 μm. The intercon-
nected structure allows for formation of new bone 
throughout the network of interconnecting pores.31-33 
The silicon content of the final ReBOSSIS-85 material 
is 0.5% - 1% by weight. A trace amount of silicon spe-
cies has been reported to stimulate osteogenic cells to 
mineralize and enhance bone formation.34-37 The product 
form allows for versatility in handling and ease of use 
and can be hydrated with bone marrow aspirate (BMA).  
ReBOSSIS-85 has demonstrated to be osteoconductive, 
providing a scaffold for cell attachment and supporting 
formation of osseous tissue across bony defects.   

This purpose of this study was to evaluate and com-
pare the spine fusion performance of the ReBOSSIS-85 
to a FDA approved bone graft substitute Mastergraft 
Putty in a spine fusion animal model, using iliac crest 
autograft as a control.  Both products are designed to 
be hydrated with bone marrow aspirate and can be used 
when combined with autologous bone. 

METHODS
One hundred fifty male skeletally mature New Zea-

land White rabbits weighing 4.5–5.5 kg were entered 
into the study (Table 1).  Female rabbits were not 
used as they may undergo instantaneous ovulation 
and pseudopregnancy due to extraneous stimulation, 
and subsequent fluctuations in hormones may impact 
bone metabolism.  To avoid potential impact on study 
outcomes, male animals were selected for this study.  
The number of animals per treatment was determined 

by a power analysis to show a 20% difference in flexion/
extension via biomechanical testing (alpha of 0.05 and 
a power of 90).  All procedures were approved by the 
Institutional Animal Care Use Committee (#6031701) 
and conducted at The University of Iowa Department 
of Orthopaedics Animal Research Surgicenter, Bone 
Healing Research Lab, and the Iowa Spine Research Lab, 
USA.  Throughout the study, animals were individually 
caged and monitored twice daily for signs of pain and 
discomfort.

Surgical procedure
All operative procedures were performed in a dedicat-

ed surgical suite using inhalation anesthesia and aseptic 
techniques.  Surgical anesthesia was maintained with 
1–5% isoflurane delivered in oxygen. Cardiorespiratory 
monitoring was conducted throughout the procedure.

All rabbits were prepared for surgical procedures 
using standard operating procedures.  After the pre-
anesthetic had taken effect, rabbits were clipped free of 
fur over the surgical area and scrubbed with Chlorhexi-
dine soap and wiped with isopropyl alcohol (alternated 
three times each).  Chlorhexidine solution was applied 
just prior to surgical incision.  Rabbits were placed prone 
on the operating table.  The surgical approach to the 
spine was identical in all rabbits.  A dorsal midline skin 
incision, approximately 15 centimeters long, was made 
from L1 to the sacrum, and then the fascia and muscle 
were incised over the L5-L6 transverse processes (TPs). 
The TPs were then decorticated with a high-speed burr 
to ensure bleeding host bone.  Vertebral bodies and 
lamina were avoided and not decorticated.  

Table 1.
Number of Animals per Treatment Group

Treatment 
Group

#Animals/ Time Point
4 

weeks
8 

weeks
12 

weeks Total

Iliac Crest Bone Graft 
(ICBG) 5 8 12 25

Mastergraft Putty + 
ICBG 5 8 12 25

ReBOSSIS-85 (0.2g)/
BMA + ICBG (1:1) 5 8 12 25

ReBOSSIS-85 (0.3 g)/
BMA + ICBG 5 8 12 25

ReBOSSIS-85 (0.45 g)/
BMA + ICBG 5 8 12 25

ReBOSSIS-85 (0.6 g)/
BMA + ICBG 5 8 12 25

Total #Animals 30 48 72 150
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All animals had approximately 2.5–3.0 cc of corti-
cocancellous bone graft obtained bilaterally from the 
iliac crest (total of 5-6 cc). This volume of graft is the 
maximum amount which can be harvested from the rab-
bit iliac crest without significant animal morbidity.31,38-42      

In the Mastergraft Putty™ animals, 1.5 cc of implant 
was hydrated with bone marrow aspirate (BMA, 1.5 
cc) + ICBG (1.5cc) was placed in the paraspinal bed 
between the transverse processes. The ReBossis-85™ 
(RB-85), regardless of amount, was hydrated with 1.5 cc 
of BMA and 1.5 cc of ICBG (Figure 1) was added and 
then placed in the paraspinal bed. ICBG only rabbits 
received approximately 3.0 cc of ICBG per side. Fascia 
and skin were closed with 3-0 Vicryl and the skin stapled.

Radiographic assessment
Ventral/dorsal radiographs were obtained with a 

Simon DR (Quantum) RAD-X High Frequency Radio-
graphic Imaging System, (model: E7242X), and stored 
using Whitecap PACs system.  Radiographs were 
examined to confirm graft placement and assess graft 
migration, osteolysis, fracture, and/or any other adverse 
events. In addition, radiographs were graded for bilateral 
fusion. Three reviewers blinded to treatment group and 
time point determined bilateral fusion rates for each 
study group at each time point.  Trabecular bone pat-
terns, change in implant appearance, and graft density of 
term radiographs were compared to immediate post-op 
radiographs to assess fusion.  Final fusion results were 
determined by agreement of at least two of the three 
observers.  

Five specimens (histology animals) were scanned us-
ing a SkyScan 1176 Micro-CT.  Internal structures were 
reconstructed as a series of 2D cross sections which 
were then used to analyze morphological parameters 

of the specimen. The SkyScan 1176 was calibrated ac-
cording to the manufacturers recommended schedule 
for contrast, positioning and density.  

A rectangular ROI of 250 mm2 (10 x 25 mm) was 
placed across the fusion site inclusive of the transverse 
processes sagittal plane, bilateral, center of defect) and 
areas of bone, implant, and soft tissue were calculated. 

Manual palpation analysis
The primary outcome used to determine fusion was 

manual palpation56 and flexibility analysis.24,57After remov-
ing the spine, fusion was graded by three independent  
observers (blinded to treatment group and time point) as 
‘fused’ if no detectable motion was present at the treated 
segment when tested in flexion and extension.  The 
fusion was graded as ‘not fused’ if motion was present.  
Final results were determined by agreement of at least 
two of the three observers.

Mechanical testing
Biomechanical non-destructive stiffness testing was 

performed following manual palpation in the 12 week 
group to quantify stiffness and differences between 
groups.  Testing consisted of flexion/extension, lateral 
bending, and torsion to a pre-determined, sub-failure 
load.  

The vertebral bodies cranial and caudal to the fused 
motion segment were embedded in Bondo/Fiberglass 
material using 2 inch PVC piping.  The specimens were 
mounted in a biaxial servo-hydraulic materials testing 
machine (858 Bionix II, MTS Corporation, Eden Prairie, 
MN, USA) retrofitted with two spine gimbals and a pas-
sive XZ table.  Custom-made rigid body markers compris-
ing infrared light emitting diodes affixed between two 
small aluminum plates were placed on each vertebral 
body and the two gimbals to track the segmental mo-
tions.  Nondestructive flexibility tests were performed 
about each axis of rotation (i.e., flexion-extension, right-
left lateral bending, and right-left axial rotation) by ap-
plying an isolated ±0.27 Nm (0 Nm, 0.09 Nm, 0.18 Nm, 
and 0.27 Nm) moment about each of the primary axes.   
Each test initiated and concluded in the neutral position 
with zero load.  Three loading and unloading cycles 
were performed with motion data collected on the third 
cycle (the first two cycles served as preconditioning).  
The displacement of each vertebrae was measured us-
ing an optoelectronic motion capture system (Optotrak, 
Northern Digital, Waterloo, Ontario, Canada); the output 
of which was synchronized with that of the MTS.  Dur-
ing testing the specimens were kept moist with saline 
solution spray. Stiffness was determined and compared 
to normal controls (10 normal rabbit lumbar columns, 
historic internal laboratory controls).

Figure 1.  RB-85 hydrated with BMA and filled with ICBG.
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Histology
Five specimens from each group were randomly se-

lected for histological evaluation.  Fusion sites of each 
animal were processed for histology and sectioned in the 
sagittal plane to obtain a total of six sections per animal 
(3 per side of each fusion mass).  For each side, sections 
were created adjacent to the vertebral body, through the 
center of the fusion mass, and through the lateral aspect 
of the fusion mass, spaced approximately 3 mm apart.  
Sections were stained with H&E.  

All six sections from each fusion mass (3 per side) 
were subject to semiquantitative histopathology analysis.  
Specimens from each slide were evaluated by the PI and 
a board certified veterinary pathologist and assigned 
scoring based on a modified ISO 10993-6, Annex E 
(Table 2).  An overall assessment was recorded for each 
fusion mass (one score per side). 

Statistical analysis
Statistical analysis was performed on the microCT and 

histomorphometry data, as well as the flexion-extension, 
lateral bending and axial rotation data from the flexibility 
analysis.  All data was analyzed to a 95% confidence level 
(p<0.05) using a 2-tailed t-test assuming unequal variance 
in Microsoft Excel. Unless otherwise noted, all data are 
reported as the mean and one standard deviation.

RESULTS
All test articles were administered successfully. Rab-

bits were alert and eating within 3 hours of surgery.  
Daily observations of each rabbit were conducted and 
general overall health was determined.  The rabbits, 
regardless of treatment, were in good health at time of 

Table 2. Histopathology Analysis Scoring System

Response
Score (*phf = per high powered field)

0 1 2 3 4

Polymorphonuclear cells 0 Rare, 1-5/phf* 5-10/phf Heavy infiltrate Packed

Lymphocytes 0 Rare, 1-5/phf* 5-10/phf Heavy infiltrate Packed

Plasma cells 0 Rare, 1-5/phf* 5-10/phf Heavy infiltrate Packed

Macrophages 0 Rare, 1-5/phf* 5-10/phf Heavy infiltrate Packed

Giant cells 0 Rare, 1-5/phf* 3-5/phf Heavy infiltrate Packed

Necrosis 0 Slight Moderate Marked Severe

Infection 0 Slight Moderate Marked Severe

Fibrinous exudates 0 Slight Moderate Marked Severe

Neovascularisation 0 Minimal capillary prolif-
eration focal, 1-3 buds

Groups of 4-7 capillaries 
with supporting fibroblas-

tic structures

Broad band of capil-
laries with supporting 

structures

Extensive band of capil-
laries with supporting 
fibroblastic structures

Fibrocytes/ fibro-connective 
tissue, fibrosis 0 Narrow band Moderately Thick band Extensive band

Material degradation / Graft 
resorption 0 Slight Moderate Marked Severe (100% degraded)

Bone Formation 0 Slight Moderate Marked Extensive

Figure 2.  Post-op and twelve week plain radiographs.
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euthanasia.  There were no complications related to the 
test articles in-vivo.  Three (3) rabbits were euthanized 
prior to end of study due to complications associated 
with ICBG harvest (1 ICBG 8w, 1 RB-85-0.45g 12w, and 
1 RB-85-0.6g 4w).  These complications have been noted 
in previous studies by the PI and others.12,14-20,34,44-47     

Necropsy of the animals was unremarkable regardless 
of test group. Macroscopic analysis of the implant sites 
demonstrated healthy tissue with no apparent adverse 
effects such as inflamed, necrotic, or devascularized 
tissue surrounding the defect sites.

Radiographic Assessment:  Radiographs at 4, 8 and 
12 weeks showed a normal healing response over time 
with no adverse reactions for all test groups (Figure 2). 
The loss of graft distinction at the host bone margins 
indicates a progression in host integration, implant 
remodeling and new bone formation over time. No frac-
tures, osteolysis, or other adverse reactions were evident 
during radiographic examination for all test groups. Graft 
position migration from immediate post-op radiographs 
to radiographs greater than 1-week post-op is typically 
observed as the forces of overlaying muscle compresses 
the graft. These migration observations are typical of 
synthetic bone grafts applied in this animal model and 
are not a confounding variable. The radiographic fusion 
analysis is summarized in Table 3. 

The MicroCT scans supported the radiographic 
findings, showing a normal osteoconductive healing 
response over time with no adverse reactions for all 
test groups.  The 4 week microCT scans showed host 
integration and new bone formation originating from the 
transverse process margins in all animals.  The 8 and 12 
week scans showed a progression of new bone formation 
and graft remodeling across the paraspinal bed from the 
4 week time point (Figure 3).  

MicroCT morphometry analysis was performed us-
ing a rectangular region of interest (ROI) of 250 mm2 
placed across the fusion site inclusive of the transverse 

Table 3.  Bilateral Radiographic Fusion Rate
4 weeks 8 weeks 12 weeks

ICBG 0% 43% 50%

MGP 0% 50% 50%

RB-85 (0.2) 0% 0% 0%

RB-85 (0.3) 0% 13% 25%

RB-85 (0.45) 0% 38% 36%

RB-85 (0.6) 0% 63% 50%

Figrure 3.  Sagittal slices of fusion masses at twelve weeks.

Table 4.  MicroCT Tissue Ares

4 weeks 8 weeks 12 week

 Bone 
Area 
mm2

Implant 
Area 
mm2

Soft Tissue 
Area 
mm2

Bone 
Area 
mm2

Implant 
Area 
mm2

Soft Tissue 
Area 
mm2

Bone 
Are 

mm2

Implant 
Area 
mm2

Soft Tissue 
Area 
mm2

ICBG 55.99 N/A 194.01 59.56 N/A 190.44 53.93 N/A 196.07

Mastergraft Putty 39.72 41.14 169.15 59.12 11.33 179.55 42.13 4.17 203.70

ReBOSSIS-85 (0.2 g) 45.70 N/A 204.30 37.52 N/A 212.48 47.75 N/A 202.25

ReBOSSIS-85 (0.3 g) 57.68 N/A 192.32 32.10 N/A 217.90 23.42 N/A 226.58

ReBOSSIS-85 (0.45 g) 61.48 N/A 188.52 33.71 N/A 216.29 28.10 N/A 221.90

ReBOSSIS-85 (0.6 g) 58.15 N/A 191.85 48.88 N/A 201.12 37.60 N/A 212.40
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processes (sagittal plane, bilateral, center of defect) and 
areas of bone, residual implant (Mastergraft Putty, MGP) 
and soft tissue were calculated.  ReBOSSIS-85, regard-
less of group, was not distinguishable from background 
noise and/or soft tissue and therefore was not measured.  
Mean tissue areas are presented in Table 4.    

Flexibility Assessment of Stiffness:  Spine fusion was 
assessed by manual palpation of the treated motion seg-
ments.  No implanted motion segments were fused at 4 
weeks, regardless of implant type.  At 12 weeks, ICBG, 
MGP, and RB-85-0.6g were fused mechanically in at least 

50% of the rabbits.  No other test groups reached the 
50% threshold for fusion in this model.  Fusion results 
are listed in Table 5.  

Motion analysis of the test groups in this study 
were compared to historical internal laboratory data of 
normal unfused rabbit spines.  Normal motion of the 
rabbit lumbar spine was determined by testing 10 nor-
mal (untreated/ unfused) rabbit lumbar spinal columns 
using the same testing methods. Motion in the flexion/
extension plane was used as the primary measurement 
to demonstrate fusion (Figure 4) as manual palpation 
testing is based off of motion detected in flexion/exten-
sion.  General findings from the biomechanics indicate 
that the 6 test article groups had significantly less motion 
than the unfused normals.  Mastergraft Putty, RB-85-
0.45g, and RB-85-0.6g were not significantly different 
from ICBG positive control. No significant differences 
were seen among Mastergraft Putty and RB-85-0.3g, 
RB-85-0.45g, or RB-85-0.6g treated fusions.  Both RB-85-
0.45g and RB-85-0.6g had significantly less motion than 
RB-85-0.2g motion segments.  

Histologic Assessment:  The majority of specimens, 
regardless of implant type or time of implantation, had 

Figure 4.  Range of motion at twelve weeks.

Table 5.  Manual Palpation Rates
4 weeks 8 weeks 12 weeks

ICBG 0% 43% 50%

MGP 0% 50% 50%

RB-85 (0.2) 0% 0% 8%

RB-85 (0.3) 0% 13% 25%

RB-85 (0.45) 0% 38% 36%

RB-85 (0.6) 0% 63% 50%
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Table 6.  Hisopathology Scoring
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ICBG 4 Mean 1.00 1.00 1.00 1.00 1.30 0.00 0.00 0.00 2.40 3.00 1.40 1.20

 St.Dev. 0.00 0.00 0.00 0.00 0.48 0.00 0.00 0.00 0.52 0.00 0.52 0.42

MGP 4 Mean 1.00 2.00 2.00 1.70 1.80 0.00 0.00 0.00 2.00 3.00 1.30 1.00

 St.Dev. 0.00 0.00 0.00 0.48 0.42 0.00 0.00 0.00 0.00 0.00 0.48 0.00
RB-85-
0.2g 4 Mean 0.80 0.70 0.30 1.80 1.78 0.00 0.00 0.00 1.10 3.00 0.00 1.00

 St.Dev. 0.42 0.48 0.48 0.42 0.44 0.00 0.00 0.00 0.32 0.00 0.00 0.00
RB-85-
0.3g 4 Mean 0.90 0.80 0.20 2.10 1.70 0.00 0.00 0.00 1.50 3.00 0.00 1.00

 St.Dev. 0.57 0.42 0.42 0.74 0.67 0.00 0.00 0.00 0.53 0.00 0.00 0.00
RB-85-
0.45g 4 Mean 0.80 0.70 0.10 2.10 1.80 0.00 0.00 0.00 1.60 3.00 0.00 1.00

 St.Dev. 0.42 0.48 0.32 0.74 0.79 0.00 0.00 0.00 0.52 0.00 0.00 0.00
RB-85-
0.6g 4 Mean 0.88 1.00 0.13 2.00 1.88 0.00 0.00 0.00 1.63 3.00 0.00 1.00

 St.Dev. 0.35 0.00 0.35 0.00 0.64 0.00 0.00 0.00 0.52 0.00 0.00 0.00

ICBG 8 Mean 0.50 1.00 1.00 1.20 1.90 0.00 0.00 0.00 2.40 3.00 1.80 2.20

 St.Dev. 0.53 0.00 0.00 0.42 0.32 0.00 0.00 0.00 0.52 0.00 0.42 0.63

MGP 8 Mean 1.00 2.90 2.00 2.00 2.00 0.00 0.00 0.00 1.10 3.00 2.00 2.30

 St.Dev. 0.00 0.32 0.00 0.00 0.47 0.00 0.00 0.00 0.32 0.00 0.47 0.48
RB-85-
0.2g 8 Mean 0.80 0.60 0.30 2.10 1.50 0.00 0.00 0.00 1.40 2.60 1.00 1.60

 St.Dev. 0.63 0.52 0.48 1.10 0.85 0.00 0.00 0.00 0.52 0.52 0.00 0.84
RB-85-
0.3g 8 Mean 0.90 0.20 0.30 2.20 1.20 0.00 0.00 0.00 1.30 2.70 1.30 1.90

 St.Dev. 0.57 0.42 0.48 0.79 0.42 0.00 0.00 0.00 0.48 0.48 0.48 0.74
RB-85-
0.45g 8 Mean 0.90 0.70 0.40 2.00 1.70 0.00 0.00 0.00 1.50 2.70 1.40 2.70

 St.Dev. 0.32 0.48 0.52 0.82 0.95 0.00 0.00 0.00 0.71 0.67 0.52 0.95
RB-85-
0.6g 8 Mean 0.80 0.50 0.30 1.90 1.30 0.00 0.00 0.00 1.50 2.00 1.40 2.80

 St.Dev. 0.42 0.53 0.48 0.57 0.67 0.00 0.00 0.00 0.53 1.05 0.52 0.92

ICBG 12 Mean 0.50 1.00 1.00 0.90 0.90 0.00 0.00 0.00 2.80 3.00 2.00 2.70

 St.Dev. 0.53 0.00 0.00 0.32 0.74 0.00 0.00 0.00 0.42 0.00 0.00 0.48

MGP 12 Mean 0.40 1.10 0.70 0.80 0.90 0.00 0.00 0.00 1.00 0.80 3.20 3.20

 St.Dev. 0.52 1.45 0.95 1.03 1.20 0.00 0.00 0.00 0.00 1.03 1.03 1.03
RB-85-
0.2g 12 Mean 0.80 0.20 0.30 1.60 1.20 0.00 0.00 0.00 1.20 2.00 2.00 2.00

 St.Dev. 0.42 0.42 0.48 0.52 0.42 0.00 0.00 0.00 0.79 0.00 0.00 0.67
RB-85-
0.3g 12 Mean 0.80 0.50 0.30 1.40 1.20 0.00 0.00 0.00 1.40 1.60 2.20 2.40

 St.Dev. 0.42 0.53 0.48 0.97 0.63 0.00 0.00 0.00 0.70 0.70 0.63 1.26
RB-85-
0.45g 12 Mean 0.60 0.20 0.00 0.90 0.80 0.00 0.00 0.00 1.50 1.50 2.30 2.10

 St.Dev. 0.52 0.42 0.00 0.99 0.42 0.00 0.00 0.00 0.71 0.53 0.48 0.88
RB-85-
0.6g 12 Mean 0.30 0.70 0.00 0.60 0.80 0.00 0.00 0.00 0.90 1.10 2.70 3.30

 St.Dev. 0.48 0.48 0.00 0.52 0.42 0.00 0.00 0.00 0.57 0.57 0.48 0.82



J. C. Nepola, E. B. Petersen, N. DeVries-Watson, N. Grosland, D.C. Fredericks

16  The Iowa Orthopedic Journal

mild inflammation.  Most often there were very low 
numbers of macrophages and multinucleated giant cells 
with some scattered, often erythrocytes, and plasma cells 
in the early time points. In all sections, there is moder-
ate neovascularization and fibrous tissue interspersed 
throughout the sections (Table 6).  Graft resorption and 
new bone formation increased with time from 4 to 12 
weeks (Figure 5).

DISCUSSION
In this study we evaluated the in vivo performance 

of an electrospun PLGA fabric combined with calcium 
carbonate (vaterite) and β-TCP, (ReBOSSIS-85) and 
compared it to Mastergraft Putty.  Both materials were 
combined with bone marrow aspirate and iliac crest auto-
graft, in an established posterolateral spine fusion rabbit 
model.  The study also included a control study group 
using only iliac crest autograft (ICBG).  The test groups 
were evaluated for spine fusion rate, new bone forma-
tion, graft resorption and inflammatory response using 
radiographic, microCT, biomechanical and histological 
endpoints at 4, 8 and 12 weeks following implantation. 

Radiographic scoring of the fusion sites indicated 
a normal healing response in all test groups, with no 
adverse reactions and similar progressions of new bone 
formation over time.  Fusion rates for Mastergraft Putty 
and ReBOSSIS-85 (0.6g) were equivalent to ICBG at 8 
and 12 weeks.  The remaining ReBOSSIS-85 groups (0.2, 
0.3, 0.45 g) were fused 0%, 25%, and 36% respectively at 
12 weeks.  MicroCT scans supported the radiographic 
observations, showing a normal osteoconductive healing 
response in all groups with remodelling of the fusion 
site over time.  

Manual palpation results, at 4 weeks, demonstrated 
no fusions.  At 12 weeks, ICBG, MGP, and RB-85-0.6g 
were fused mechanically in at least 50% of the rabbits.  
No other test groups reached the 50% threshold for fu-
sion in this model.  All groups demonstrated significantly 
less range of motion in both flexion/extension, lateral 
bending, and axial rotation compared to normal unfused 
controls. 

Biodegradable polymer scaf folds are commonly 
used in bone reconstruction, tissue engineering, drug 
delivery systems, and three-dimensional biomaterials.   
When combined with ceramic composite bone fillers like 
calcium carbonate, these hybrids demonstrate excellent 
bone-forming and mechanical properties.50-54 Electrospin-
ning of biodegradable polymer scaffolds can create me-
chanically strong polymer fiber meshes with even higher 
porosity and flexibility, allowing for easy handling, while 
control over pore sizing in turn can control soft tissue 
intrusion at the regeneration site.55-58 These electrospun 
PLA and PLGA fabrics combined with calcium carbonate 
(vaterite) show excellent hydroxyapatite (HA)-forming Figure 5.  Histology slides at twelve weeks.
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ability, cellular compatibility, and biocompatibility.59,60 
The bone forming ability of these hybrid materials can 
be increased by doping the calcium carbonate particles 
with siloxane.61,62 The siloxane hybrids (SiPVHs) allow 
a controlled release of soluble silica species and calcium 
ions.48 Trace amounts of soluble silica and calcium have 
been suggested to enhance the mineralization and bone 
forming abilities of osteogenic cells and the soluble 
silica species and calcium ions released by the SiPVHs 
reportedly stimulate the proliferation and differentiation 
of murine osteoblast-like cells.63-65 This indicates a possi-
bility of siloxane being used to create new bone-repairing 
and regenerating materials. 

Histopathology analysis of the fusion masses, from 
each test article and time point, indicated an expected 
normal response for resorbable calcium phosphates and 
collagen graft material when present.  Mild inflammation 
with macrophage and multinucleated giant cell response 
to the graft material was evident in all test groups.  Re-
gardless of test article, new bone formation and graft 
resorption increased from 4 to 12 weeks post-op.

This animal study has demonstrated the biocompat-
ibility and normal healing features associated with the 
ReBOSSIS-85 bone graft (test material) when combined 
with bone marrow aspirate and autograft as an extender.  
ReBOSSIS-85 was more effective when a larger mass of 
test article was used in this study. 
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ABSTRACT
Background: This study compares effectiveness 

of two commercially available signals, Pulsed Elec-
tromagnetic Field (PEMF) and Combined Magnetic 
Field (CMF) clinical signals, to stimulate bone 
healing in rabbit tibial osteotomies. 

Methods: One millimeter osteotomies in New 
Zealand White rabbits, stabilized with external 
fixators, were exposed daily to either signal for 30 
minutes, three or six hours. Osteotomized sham 
controls received no signal exposure. Analyses of 
torsional strength, periosteal callus area and frac-
ture healing stage demonstrated dose responses to 
increasing daily exposures to both signals. 

Results: By 14 days torsional strength increased 
over shams in the three and six hour-treated 
groups, significant only for the six hour groups 
(p<0.05). By 21 days both three and six hour-
treated groups were significantly stronger than 
shams (p<0.05, p<0.005) and the PEMF 30 
minute treated group also showed significance 
(p<0.05). PEMF versus CMF-treated groups were 
not different at any exposure time. 

Conclusions: Both CMF and PEMF signals were 
most effective in this model when used for six 
hours per day.

Clinical Relevance: In this model we dem-
onstrate that though both PEMF and CMF are 
“bioactive” and promote healing at shorter and 
longer exposure dosages, there exists an “optimal” 
threshold effect of 6 hours/day electromagnetic 
wave stimulation for bone healing.

Keywords: animal model, fracture healing, 
Combined Magnetic Field, Pulsed Electromagnetic 
Field

INTRODUCTION
Combined electromagnetic field and pulsed electro-

magnetic field technologies commercially available for 
use to promote osteogenesis are prescribed according to 
directives provided by manufacturer’s in keeping with 
indications as permitted by the FDA.  Current treatment 
protocols are derived from submissions made commensu-
rate with the clinical model testing provided.  However, in-
adequate dosing literature exists to provide clinicians with 
guidance with respect to optimal application duration.  
Considerable variation in prescribed time of both PEMF 
and CMF signals is recommended by manufacturer’s.  

Three different electromagnetic devices are currently 
available for use in the treatment of nonunion bone frac-
tures.1-3 The recommended daily exposure times for these 
devices vary from 30 minutes to ten hours per day. All 
three signals are reported to stimulate healing of non-
union fractures.4-8 A retrospective analysis of the PEMF 
clinical data indicated that the time it took to heal the 
nonunions showed a dose response related to the length 
of daily exposure.9 The median time to heal was reduced 
by 60% if the PEMF device was used for ten hours per 
day as compared to use for one hour per day. Garland et 
al.7 reported that a similar PEMF device when used fewer 
than three hours per day in a prospective clinical trial 
was less effective in healing non-union fractures (35.7%, 
5/14) than when used three hours or more per day (80%, 
108/135). No similar analysis of clinical dose response has 
been published for the CMF clinical data.

Therefore, this study was designed to quantitatively 
investigate whether the PEMF and CMF signals demon-
strate different optimal exposure times in stimulating the 
repair of rabbit tibial osteotomies.

METHODS
Skeletally mature male New Zealand White rabbits 

weighing 3-4 kg were obtained from Myrtle Rabbitry 
(Thompson Station, TN, USA).  A one millimeter trans-
verse osteotomy was created in the left tibia of each rabbit 
with a Gigli wire as previously described.10 The perios-
teum was preserved and the osteotomy stabilized with 
an external fixator (M100, Orthofix, Verona, Italy). All 
rabbits were permitted immediate unrestricted weight 
bearing in standard rabbit cages following surgery. Ra-
diographs were taken post-surgery and weekly thereafter 
for the duration of the study.
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Experimental Design
Each rabbit was randomly assigned to one of three 

treatment groups: unexposed sham controls, PEMF-
exposed and CMF-exposed. All rabbits were placed in 
rabbit restrainers to undergo treatment.  Exposures to the 
PEMF and CMF signals were for 30 minutes, three and 
six hours daily. Treatment was initiated 24 hours post-
surgery and continued until sacrifice at 14 or 21 days at 
which times the treated tibiae underwent biomechanical 
testing. Sham controls at 14 days were handled identically 
with the rabbits placed in restrainers for 30 minutes, three 
and six hours daily but not exposed to either signal. In 
this group and in previous studies using this model, the 
length of time the sham rabbits were in restrainers had 
no effect on any biomechanical or radiographic healing 
parameters. For this reason the 21 day sham rabbits were 
all exposed for one hour per day to reduce the number of 
rabbits which would need to be euthanized. 

The PEMF signal consists of a pulsed magnetic field 
comprised of 4.5 ms duration bursts of 20 pulses repeated 
at 15 Hz. During each pulse the magnetic field rises from 0 
to 1.6 mT in 200 ms and then decays back to zero in 25 ms.2

 The CMF signal consists of the collinear sum of two 
magnetic fields; a 76.6 Hz sine wave of 20 mT amplitude 
(40 mT peak to peak) superimposed with a net static mag-
netic field of 20 mT.3 To more closely mimic the clinical 
use of these signals, no attempt was made to offset the 
Earth’s magnetic field other than in the case of the CMF 
signal where the net static field parallel to the 76.6 Hz sine 
wave is normally held at 20 mT as part of the device. For 
both signals, paired Helmholtz coils were attached to the 
rabbit restrainers in a vertical position and centered over 
the location of the osteotomy site. 

Investigators were blinded to the knowledge of which 
treatment each specimen received.  

Radiographical Studies
Anteroposterior and lateral radiographs were taken 

at weekly intervals to evaluate callus formation and as-
sess adequacy of fixation. The area of periosteal callus 
and diaphyseal bone at the osteotomy site was measured 
using digitized images of X-rays.  Metrics software by 
Orthographics (Salt Lake City, UT, USA) was used for 
the analysis. Periosteal callus and diaphyseal bone were 
outlined along the bone between the two inner-most fix-
ator screws in both the lateral and anteroposterior films.  
Area was calculated from each view and was expressed 
as a ratio of periosteal callus to diaphyseal bone.

Biomechanical Testing
The osteotomized tibiae were harvested, cleaned of 

soft tissues, and immediately prepared for biomechanical 
testing as previously described.10 Mechanical tests were 
performed using a custom-made torsion apparatus on an 
MTS 810 uniaxial testing machine (MTS, Minneapolis, 
MN, USA). The proximal end of the specimen was firmly 
anchored on the apparatus. Torque was applied to the dis-
tal end of the specimen at a rate of 1.76 degrees per second 
until failure occurred, and the torque versus angular defor-
mation data were recorded. Torque was calculated as the 
product of the tensile force (measured in the cable with 
a load cell) and the length of the moment arm. Torsional 
strength (Nm) and torsional stiffness (Nm per degree) 
were determined for each specimen by the methods 
of White et al.11 Torsional strength was defined as the 
maximum torque before the first abrupt drop in the torque 

Table 1. Changes in Strength and Stiffness as a Function of Daily Exposure Time
Hours of Exposure/Day 0.5 3 6

n Mean (SD) n Mean (SD) n Mean (SD)

Torque (Nm) 14 Days
Sham 6 1.18 (0.35) 6 0.98 (0.51) 4 0.93 (0.17)
CMF 8 1.13 (0.66) 8 1.34 (0.43) 8 1.58 (0.33)

PEMF 6 0.89 (0.28) 7 1.41 (0.29) 6 1.77 (0.23)

Torque (Nm) 21 Days
Sham 6 2.10 (0.27) 6 2.1 (0.27) 6 2.10 (0.27)
CMF 5 2.28 (0.23) 7 2.59 (0.41) 7 2.96 (0.40)

PEMF 4 2.50 (0.26) 7 2.59 (0.39) 7 3.14 (0.38)

Stiffness (Nm/Deg) 14 Days
Sham 6 0.12 (0.05) 6 .12 (0.03) 4 0.10 (0.08)
CMF 8 0.11 (0.05) 8 0.14 (0.09) 8 0.15 (0.04)

PEMF 6 0.09 (0.06) 7 0.13 (0.09) 6 0.16 (0.07)

Stiffness (Nm/Deg) 21 Days
Sham 6 0.18 (0.04) 6 0.18 (0.04) 6 0.18 (0.04)
CMF 6 0.18 (0.05) 7 0.18 (0.03) 7 0.20 (0.06)

PEMF 4 0.18 (0.04) 7 0.18 (0.06) 7 0.24 (0.09)
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versus angular deformation curve. Stiffness, which is the 
slope of the rising portion of the curve, was estimated as 
the ratio of the torsional strength and the angle of failure. 
A statistical power analysis was performed based on previ-
ous experience with rabbit tibia torsion tests. Assuming 
a variation of 13.25% for torsional strength and a target 
of 80% confidence, a sample size of six was found to be 
sufficient to identify a 20% difference between treatment 
groups. The difference between groups was analyzed by 
one-way analysis of variance and a Mann-Whitney test.

Biomechanical Stages of Fracture Healing
Post torsional testing radiographs of the specimens 

were taken to characterize the location of the failure 
site. The location of the failure fracture was combined 
with biomechanical stiffness data to assign one of four 
biomechanical stages of fracture repair to each tibia, as 
described by White et al.11 The four stages were defined 
as follows: Stage I - failure through the original fracture 
site with low stiffness; Stage II - failure through the 
original fracture site with high stiffness; Stage III - failure 
partially through the original fracture site and partially 
through intact bone, with high stiffness; and Stage IV - 
failure entirely through intact bone, with high stiffness.

RESULTS
Of 111 rabbits used in this study, 97 were available for 

assessment.  Five rabbits died of unknown etiology (one 
sham, three PEMF and one CMF). Nine suffered second-
ary fractures through the proximal pins prior to study 
completion (one sham, six PEMF and two CMF).

 
Biomechanical Testing

Torque versus angular deformation curves had a very 

consistent shape for all specimens, including a highly 
linear portion that rose to a peak value and then dropped 
abruptly at the point of failure. Biomechanical results are 
presented in Tables 1 and 2 and Figures 1 and 2. At 14 
days, osteotomies exposed for 30 minutes per day to either 
signal showed no increase in mean torsional strength over 
sham controls. Mean torsional strength values of both 
groups treated with PEMF or CMF for three hours per 
day were increased over sham controls, but this difference 
was not statistically significant. A significant increase in 
mean torsional strength was found in both signal-exposed 
groups treated for six hours per day when compared to 
sham controls. Comparison of torsional strengths between 
the PEMF and CMF treated groups showed no significant 
differences at any exposure time. The sham controls 
also showed no significant differences in mean torsional 
strength whether restrained for 30 minutes, three or six 
hours per day.

At 21 days postoperatively, tibial osteotomies treated 
with PEMF showed a mean torsional strength value 
significantly higher than sham controls for all three 
exposure times. Mean torsional strength in the CMF 
group was significantly higher than sham controls in 
the three and six hour per day exposure groups but not 
in the 30 minutes group. No significant differences were 
found between PEMF and CMF treatment groups at any 
exposure. Osteotomies treated for six hours per day with 
either PEMF or CMF were significantly stronger than 
those treated for ½ hour per day (p=0.016 PEMF, p=0.007 
CMF). The PEMF group treated for six hours per day was 
also stronger than the three hour-treated group (p=0.02).

 Increased stiffness over shams was seen in the three 
and six hour-treated groups at 14 days and in the six 
hour-treated groups at 21 days, although none reached 
significance of p<0.05 (Figure 2). Both PEMF and CMF 
six hour-treated groups at 21 days achieved torsional 
stiffness not significantly different from normal intact 
bone whereas shams had not. The stiffness and strength 
values in the 6 hour-treated groups are rising toward 
normal intact values regardless of treatment modality.

Radiological Studies
Both CMF and PEMF signals stimulated increases in 

mean periosteal callus area over non-stimulated shams at 
14 days when used for 3 and 6 hours per day, but not for 
30 minutes per day. Six hour daily exposures produced the 
largest callus areas. At 21 days, mean callus areas were 
increased over shams at all three daily exposure times to 
both signals with maximal differences seen in the groups 
exposed for three hours per day (Figure 3). There were no 
significant differences in the mean periosteal callus areas 
between CMF and PEMF-treated osteotomies under any 
of the experimental conditions.   

Figure 1. Biomechanical testing of osteotomy healing showing tor-
sional strength values as a function of treatment with PEMF or CMF 
signals at three different daily exposure times after 14 days (a) and 
21 days (b) post-osteotomy.
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Biomechanical Stages of Fracture Healing
Results presented in Table 3 show that exposure to 

either the CMF or the PEMF signals for three or six 
hours per day stimulated earlier appearance of the more 
mature fracture stages (III and IV) as compared to the 
sham controls. At 14 days sham controls and groups ex-
posed to PEMF or CMF for 30 minutes per day fractured 
only through the osteotomy site (Stages I and II). At three 
hour daily exposures to either signal, increasing numbers 
of tibias reached Stage II, and one CMF and two PEMF 
fractured through adjacent bone (Stage III). With six hour 
daily treatment, 50% of the CMF and 67% of the PEMF 
group reached Stage III. No sham controls reached Stage 
III by 14 days. At 21 days no improvement over shams 
was observed for either group treated for 30 minutes per 
day. At three hours per day, 57% of both CMF and PEMF-
treated osteotomies had reached Stage III as compared 
to 33% of the shams. With six hour daily exposures, 57% 
of the CMF and the PEMF groups reached Stage III 
compared to 33% of the shams.  14% of CMF and 29% of 
PEMF-treated groups fractured entirely through bone 
adjacent to the osteotomy (Stage IV). No sham controls 
reached Stage IV by 21 days.

DISCUSSION
This study has demonstrated a clear dose response 

correlating daily exposure time with the rate of healing 
of rabbit tibial osteotomies. Both the CMF and PEMF 
signals are “bioactive”, stimulating greater biomechanical 

strength when used for six hours per day than when used 
for three hours or 30 minutes daily exposures. There were 
no significant differences in mean biomechanical strength 
between osteotomies treated with PEMF or CMF when 
exposed for similar time periods (30 minutes, three or 
six hours per day). Both signals stimulated increases in 
torsional stiffness but not to the same extent as torsional 
strength. This may indicate that the signals are chang-
ing the composition of the healing bone resulting in an 
increased capacity to absorb energy prior to fracture (i.e. 
accelerated remodeling). 

Increases in callus area and fracture healing matura-
tion stage also showed a dose dependence on daily expo-
sure time to both of the signals. As fractures advance from 
Stage III to IV, the torsion test changes from a measure of 
fracture gap tissue properties to a measure of the adjacent 
intact bone properties. This explains why the six hour-
treated groups at 21 days achieved stiffness values not dif-
ferent from intact bone. The fact that torsional strengths 
in these groups still fall short of intact bone might be due 
to changes in bone density associated with disuse.

Other studies using the PEMF or CMF signals have 
also shown a dose relationship to different daily exposure 
times. Factors such as signal intensity and pulse number 
can also have an influence on healing. Using the PEMF 
signal to enhance bone formation in a model of fracture 
callus formation in the rat, Aaron and Ciombor12 have 
shown increased stimulation of cartilage and bone in ani-
mals treated for eight hours per day compared to those 
treated for four or one hour per day. Fitton-Jackson and 
Bassett13 showed that 45Ca uptake and synthesis of colla-
gen by chick embryonic limb rudiments in vitro was also 
differentially stimulated by an increase in exposure time 
to the PEMF signal. By manipulating dosage, intensity, 
and duration of PEMF therapy, Girolamo et al.(Girolamo) 

Table 2.  Statistical Analysis of Differences in 
Torsional Strength (One Way Anova)

vs. CMF vs. Sham
14 DAYS

0.5 Hr./Day PEMF p=0.436 p=0.153

CMF p=0.870

3 Hrs./Day PEMF p=0.749 p=0.083

CMF p=0.169

6 Hrs./Day PEMF p=0.449 p<0.001*

CMF p<0.004*

21 DAYS

0.5 Hr./Day PEMF p=0.216 p=0.047*

CMF p=0.267

3 Hrs./Day PEMF p=0.795 p=0.027*

CMF p=0.052*

6 Hrs./Day PEMF p=0.312 p<0.001*

CMF p<0.001*

*Statistically significant

Figure 2.  Biomechanical testing of osteotomy healing showing 
stiffness as a function of treatment with PEMF or CMF signals at 
three different daily exposure times after 14 days (a) and 21 days 
(b) post-osteotomy.
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found that specific conditions were most effective at 
enhancing cell viability and up-regulating the production 
of various growth factors in human tendon cells. Using 
PEMF therapy Li et al.15 discovered that, at 400 kV/m, 
the proliferation of osteoblasts increased from 0 to 400 
pulses, but decreased once pulses reached 2800. 

The CMF signal used to stimulate bone healing in a 
rabbit fibular osteotomy model16 showed that the greatest 
biomechanical stiffness resulted from 24 hour exposures 
with three and ½ hour daily exposures showing smaller 
increases over controls.  Smith et al.17 treated eight day 
chick femoral rudiments in vitro for 30 minutes , one, 
four or 24 hour daily exposures to the CMF signal. Fe-
mur width and diaphyseal collar length was greatest in 
rudiments treated for four hours per day, and diaphyseal 
collar was maximally thickened at one hour per day. The 
authors state that the results,  “. . . clearly show that expo-
sures of one or four hours per day seem to produce more 
marked results for most of the parameters than either 24 
hours or 30 minutes per day.” There was a clear dose ef-
fect with femora treated with minimal exposure time, 30 
minutes, demonstrating little improvement over controls. 
In a castration induced rat model of osteoporosis, Magee 
et al.18 reported that exposure to the CMF signal for two 
hours per day (30 minutes four times per day) was more 
effective in inhibiting bone loss than treatment for 30 
minutes per day.

The CMF studies reported by Ryaby et al.19 found 
that rat fibular fractures exposed to the CMF signal for 
30 minutes per day showed no significant differences in 
torsional strength or stiffness in comparison to untreated 
controls after either 21 or 30 days. This corroborates find-

ings in the present study which also demonstrated limited 
stimulation at 30 minutes per day exposure to CMF. 

A dose response relationship has also been reported for 
stimulation of proteoglycan synthesis20 and for osteotomy 
repair21 using electromagnetic signals other than the 
PEMF and CMF signals described in this study. 

 Interestingly, the osteogenic response in this osteoto-
my model appears to be similar whether the rabbits were 
exposed to the PEMF or CMF signal for each of the doses, 
30 minutes, three or six hours per day. The peak magnetic 
fields of the two signals differ from each other quite radi-
cally; the CMF signal being about 40X smaller than the 
PEMF signal. In addition, the CMF signal contains a 76.6 
Hz sine wave, whereas the PEMF signal is a pulse burst 
signal consisting of frequency components from 15 Hz 
to greater than 10 kHz. Although the frequency content 
of the two signals are very different, Fourier analysis of 
the PEMF signal reveals frequency components of less 
than 100 Hz (including one at 75 Hz) with amplitudes 
similar to that of the CMF signal. Since there is evidence 
suggesting that it is the low frequency components of the 
pulsed electromagnetic fields which are responsible for 
the osteogenic response,22 this may be the reason why 
both CMF and PEMF have similar effects on osteogenesis 
in the rabbit osteotomy model. 

Both PEMF and CMF signals have been shown clini-
cally to affect healing nonunion and delayed union frac-
tures.4,5,8,23-26 Recommended daily use for the PEMF signal 
is ten hours per day, which has been reported to stimulate 
the fastest time to heal.20  While treating tibial delayed 
unions and non-union fractures, it was noted that increased 
union probability coincided with increased PEMF expo-
sure; however, it was not statistically significant due to 
study limitations.27 Healing will be enhanced with shorter 
daily exposures to the PEMF signal, but the time to heal 
is longer. To our knowledge, there are no published clini-

Table 3.  Effect of PEMF and CMF Exposure on 
the Four Biomechanical Stages of Fracture Healing

14 Days 21 Days

Fracture Stage I II III IV I II III IV

0.5 Hour/Day

Sham 2 3 - - - 4 2 -

CMF 4 4 - - - 4 2 -

PEMF 4 2 - - - 3 1 -

3 Hours/Day

Sham 4 2 - - - 4 2 -

CMF 2 5 1 - - 3 4 -

PEMF 1 4 2 - - 3 4 -

6 Hours/Day

Sham 3 1 - - - 4 2 -

CMF 1 3 4 - - 2 4 1

PEMF 1 1 4 - - 1 4 2

Figure 3.  Radiographic analysis of the relative area of periosteal 
callus to diaphyseal bone as a function of daily exposure time to the 
PEMF or CMF signal 14 days (a) and 21 days (b) post-osteotomy.
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cal studies using the CMF signal for more than one-half 
hour per day, so clinical efficacy with longer daily usage 
remains unknown.

 The PEMF and CMF signals do not stimulate maximal 
osteogenic responses when used for ½ hour per day in 
this rabbit tibial osteotomy model or in the other animal 
models discussed above. Although none of these animal 
studies are nonunion models, these results suggest that 
longer exposures to either the PEMF or CMF signal may 
provide the optimal treatment regimen for obtaining fu-
sion of nonunions.

ACKNOWLEDGMENT
Funding was provided to the University of Iowa by a 

grant from EBI Medical Systems, Inc., Parsippany, New 
Jersey.  

REFERENCES
1. American Medical Electronics Physio-Stimä, PMA 

No. 850007, February 21, 1986.
2. Bi-Osteogenâ System 204, PMA No. 790002, November 

6, 1979.
3. OrthoLogicâ 1000 Bone Growth Stimulator, PMA No. 

910066, March 1994.
4. Bassett CA, Mitchell SN, Gaston SR. Pulsing elec-

tromagnetic field treatment in ununited fractures and 
failed arthrodeses. JAMA. 1982 Feb 5; 247(5): 623-628.

5. Bassett CA, Mitchell SN, Gaston SR. Treatment 
of ununited tibial diaphyseal fractures with pulsing 
electromagnetic fields. J Bone Joint Surg Am. 1981 
Apr; 63(4): 511-523.

6. Frykman GK, Taleisnik J, Peters G, Kaufman 
R, Helal B, Wood VE, Unsell RS. Treatment of 
nonunited scaphoid fractures by pulsed electromag-
netic field and cast. J Hand Surg Am. 1986 May; 11(3): 
344-349.

7. Garland DE, Moses B, Salyer W. Long-term 
follow-up of fracture nonunions treated with PEMFs. 
Contemporary orthopaedics JID - 8219527.

8. Perry CR, Zoltan JD, Gershuni DH, et al. In: 
Treatment of problem fractures using resonant mag-
netic fields. Trans comb orthop mtg 63; ; 1992.

9. Pethica BA, Brownell J. In: The dose-response 
relationship in PEMF therapy of ununited fractures. 
Transactions of the eighth annual meeting of the 
bioelectrical repair and growth society; October 9-12; 
Washington, D.C. ; 1988.

10. Fredericks DC, Nepola JV, Baker JT, Abbott J, 
Simon B. Effects of pulsed electromagnetic fields on 
bone healing in a rabbit tibial osteotomy model. Journal 
of orthopaedic trauma JID - 8807705.

11. White AA, Panjabi MM, Southwick WO. The four 
biomechanical stages of fracture repair. J Bone Joint 
Surg Am. 1977 Mar; 59(2): 188-192.

12. Aaron RK, McCiombor DK. Acceleration of ex-
perimental endochondral ossification by biophysical 
stimulation of the progenitor cell pool. J Orthop Res. 
1996 07/01; 2018/12; 14(4): 582-589.

13. Fitton-Jackson S. The response of skeletal tissues 
to pulsed magnetic fields. Tissue Culture in Medical 
Research. 1980; 2: 21-28.

14. de Girolamo L, ViganÃ² M, Galliera E, Stanco D, 
Setti S, Marazzi MG, Thiebat G, Corsi Romanelli 
MM, Sansone V. In vitro functional response of hu-
man tendon cells to different dosages of low-frequency 
pulsed electromagnetic field. Knee Surgery, Sports 
Traumatology, Arthroscopy. 2015 11/01; 23(11): 
3443-3453.

15. Li K, Ma S, Li Y, Ding G, Teng Z, Liu J, Ren D, 
Guo Y, Ma L, Guo G. Effects of PEMF exposure 
at different pulses on osteogenesis of MC3T3-E1 cells. 
Arch Oral Biol. 2014; 59(9): 921-927.

16. Weinstein AM, McLeod BR, Smith SD, Liboff 
AR. In: Ion resonance turned electromagnetic fields 
increase healing rate in osteotomized rabbitts. Trans 
orthop res soc 36th annual meeting; 1990.

17. Smith SD, McLeod BR, Liboff AR. Effects of reso-
nant magnetic fields on chick femoral development in 
vitro. J Bioelectr. 1991 01/01; 10(1-2): 81-99.

18. Magee FP, Weinstein AM, Fitzsimmons RJ, 
et. al. The use of low-energy combined AC and DC 
magnetic fields in the prevention of osteopenia. In: 
Brighton CT, Pollack SR, editors. Electromagnetics 
in Medicine and Biology. San Francisco: San Francisco 
Press; 1991. p. 171--176.

19. Ryaby JT, Huene D, Magee FP, Naser PR. In: 
Effects of combined AC/DC magnetic fields on heal-
ing in a closed femoral fracture model. Trans orthop 
res soc 39th annual meeting; ; 1993.

20. Bee JA, Liu HX, Clarke N, Abbott J. Modulation 
of cartilage extracellular matrix turnover by pulsed 
electromagnetic fields (PEMF). In: Lyall F, El Haj 
AJ, editors. Biomechanics and Cells. Society for Ex-
perimental Biology Seminar Series 54 ed. Cambridge: 
Cambridge University Press; 1994. p. 224--269.

21. Baker JT, Fredericks DC, Abbott J, Aper R, 
Brown T, Nepola JV. In: The effects of pulsed 
electromagnetic field (PEMF) stimulation on fresh 
fracture healing in the rabbit tibial osteotomy model. 
Trans orthop res soc 40th annual meeting; ; 1994.

22. McLeod KJ, Rubin CT. The effect of low-frequency 
electrical fields on osteogenesis. The Journal of bone 
and joint surgery.American volume JID - 0014030.



Volume 39 Issue 2  26

PEMF/CMF Exposure Time Effect on Healing

23. Sharrard WJ, Sutcliffe ML, Robson MJ, 
Maceachern AG. The treatment of fibrous non-union 
of fractures by pulsing electromagnetic stimulation. J 
Bone Joint Surg Br. 1982; 64(2): 189-193.

24. Sharrard WJ. A double-blind trial of pulsed electro-
magnetic fields for delayed union of tibial fractures. J 
Bone Joint Surg Br. 1990 May; 72(3): 347-355.

25. Streit A, Watson BC, Granata JD, Philbin TM, 
Lin HN, O’Connor JP, Lin S. Effect on clinical out-
come and growth factor synthesis with adjunctive use 
of pulsed electromagnetic fields for fifth metatarsal 
nonunion fracture: A double-blind randomized study. 
Foot Ankle Int. 2016 Sep; 37(9): 919-923.

26. Boopalan PRJVC, Chittaranjan SB, Balamuru-
gan R, Nandakumar NS, Sabareeswaran A, 
Mohanty M. Pulsed electromagnetic field (PEMF) 
treatment for fracture healing. Ovid. 2009/07; 
2009/08; 20(4); 423-428

27. Assiotis A, Sachinis NP, Chalidis BE. Pulsed elec-
tromagnetic fields for the treatment of tibial delayed 
unions and nonunions. A prospective clinical study 
and review of the literature. Journal of Orthopaedic 
Surgery and Research. 2012 06/08; 7(1): 24.



Volume 39 Issue 2  27

ABSTRACT
Background: Hypoalbuminemia has been associ-

ated with several medical complications following 
surgery in a variety of orthopedic procedures. 
Hypoalbuminemia has previously been shown to 
have an increased risk for transfusions, hospital 
stay longer than three days, and mortality following 
total shoulder arthroplasty (TSA). This study seeks 
to further assess the relationship between low se-
rum albumin and morbidity to allow surgeons to 
both preoperatively optimize patients and assess 
the risk of surgery prior to TSA. 

Methods: The American College of Surgeons 
National Surgical Quality Improvement Program® 
database was queried to identify 14,494 TSA pa-
tients, 6,129 (42.23%) who met inclusion criteria. 
Patients who had shoulder hemiarthroplasty, revi-
sion TSA, or incomplete serum albumin data were 
excluded. Demographic factors, preoperative co-
morbidities, and acute complication rates were as-
sessed between hypoalbuminemic (n=485; 7.91%) 
and a propensity-matched control cohort (n=485), 
controlling for differences in patient demographics 
and comorbidities. Multivariate propensity-adjusted 
logistic regression analyses were used to assess 
hypoalbuminemia as an independent risk factor 
for specific postoperative complications.

Results: Hypoalbuminemic patients undergoing 
TSA demonstrated significantly higher rates of 
pulmonary complications (p=0.006), unplanned 
intubation (p=0.014), DVT/PE (p=0.014), cardiac 
complications (p=0.033), infectious complications 
(p=0.025), blood transfusions (p<0.001), reopera-
tion (p=0.007), extended length of stay (> 4 days) 
(p=0.036), unplanned readmission (p=0.001), and 
mortality (p=0.025) in the 30-day postoperative 

period when compared to the propensity-matched 
control cohort. On multivariate regression analy-
ses, hypoalbuminemia independently increased 
the risk for pulmonary complications (OR 
9.678, p=0.031), blood transfusions (OR 2.539, 
p<0.001), reoperation (OR 5.461, p=0.032), and 
readmission (OR 2.607, p=0.007).

Conclusions: Hypoalbuminemic patients under-
going TSA had increased rates of overall cardiac 
and pulmonary complications, unplanned intuba-
tions, DVT/PE’s, overall infectious complications, 
increased incidence of blood transfusions, reop-
eration, extended LOS (> 4 days), readmission, 
and death. Multivariate analyses demonstrated 
that low albumin was independently associated 
with increased risk for pulmonary complications, 
blood transfusions, reoperation, and readmission. 
Preoperative albumin levels in patients undergoing 
TSA may help with preoperative risk stratification 
and optimization. 

Level of evidence: III
Keywords: reoperation, mortality, pulmonary, 

cardiac, albumin, hypoalbuminemia, total shoul-
der arthroplasty, readmission, blood transfusion, 
unplanned intubation, complication 

INTRODUCTION
The use of total shoulder arthroplasty (TSA) for the 

treatment of osteoarthritis has increased significantly 
from an incidence rate of 6.1 per 100,000 patients in 2005 
to 13.4 per 100,000 patients in 2013.1-3 As its popularity 
increases,4-5 surgeons must better be able to anticipate 
and manage complications associated with TSA.6 Though 
TSA has comparatively lower overall complication rates 
than hip and knee arthroplasty,7-8 these complications can 
drastically lower quality of life for patients and increase 
healthcare costs. Therefore, it is critical to identify and 
potentially modify risk factors in order to reduce such 
complications.

Hypoalbuminemia has previously been reported as a 
risk factor for various complications in orthopedic surgi-
cal patients, including infection and impaired wound heal-
ing.9-10 Hypoalbuminemia has numerous etiologies and is 
most commonly used as a marker of malnutrition, which 
has been previously associated with poor outcomes in or-
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thopedic patients.11-13 Garcia et al. previously reported the 
effect of malnutrition in 1,681 TSA patients from 2005 to 
2013 using the American College of Surgeons maintained 
National Surgical Quality Improvement Program (ACS-
NSQIP) database, and demonstrated hypoalbuminemia 
to be an independent risk factor for blood transfusions, 
extended length of stay beyond 3 days, and increased 
mortality rate.14 Since then, the number of available 
TSA cases in the ACS-NSQIP database with complete 
albumin values has increased approximately four-fold. 
This expansion of data warrants an update to depict any 
existing association between hypoalbuminemia and surgi-
cal complications following TSA that may have not been 
previously reported.

The present study uses the ACS-NSQIP database 
to examine the effect of hypoalbuminemia on short-
term perioperative and postoperative complications in 
patients undergoing primary TSA (both anatomic and 
reverse arthroplasty). Specifically, this study seeks 
to determine differences in patient characteristics for 
those with hypoalbuminemia and normal albumin levels, 
determine whether low albumin levels were associated 
with increased rates of certain complications, and further 
establish hypoalbuminemia as an independent risk factor 
for specific postoperative complications following TSA.

METHODS
Patient Selection

The ACS-NSQIP database was queried for all patients 
who had undergone primary TSA (Current Procedure 
Terminology CPT code 23472) from 2005 to 2016.15 The 
study was exempt from Institutional Review Board ap-
proval as it utilized patient data from a publicly available, 
deidentified database maintained by the ACS. Patients at 
least 18 years of age who had complete serum albumin 
concentration levels were included in the study. Hypoalbu-
minemia was defined as a serum albumin level of less than 
3.5 g/dL. Patients were stratified into two cohorts—those 
with normal albumin levels and those with low serum 
albumin. Patients who had undergone hemiarthroplasty 
procedures and revision shoulder arthroplasty procedures, 
corresponding to CPT codes 23470 and 23473/23474 re-
spectively, were excluded from this study. Patients were 
also excluded if their serum albumin concentration was 
missing or unknown. 

Variables
Demographic factors such as age, sex, race, and body 

mass index (BMI) were included for analysis. Preopera-
tive comorbidities that were analyzed include smoking 
history, diabetes mellitus, dyspnea, chronic obstructive 
pulmonary disease (COPD), ascites, ventilator dependence, 
congestive heart failure (CHF), hypertension requiring 

medications, acute renal failure, dialysis, disseminated 
cancer, wound infections, steroid use for chronic condi-
tions, weight loss of more than 10% of the patient’s body 
weight in the 6 months leading up to the surgery, hemato-
logic disorders, preoperative blood transfusions, systemic 
sepsis, and preoperative functional status. Additionally, 
serum sodium levels, blood urea nitrogen, creatinine, albu-
min, white blood cell count, hematocrit level, and platelet 
count were included.

The following outcome variables were assessed: 
superficial incisional surgical site infections (SSI), deep 
incisional SSI, organ/space SSI, pneumonia, unplanned 
intubation, pulmonary embolism (PE), ventilator de-
pendence for greater than 48 hours, progressive renal 
insufficiency, acute renal failure, urinary tract infection 
(UTI), stroke, cardiac arrest requiring cardiopulmonary 
resuscitation (CPR), deep venous thromboembolism 
(DVT), myocardial infarction (MI), blood transfusion 
requirements, systemic sepsis, septic shock, return to 
the operating room, extended LOS (length of stay) (≥ 4 
days), unplanned readmission, and death. Variables where 
more than 10% of patients had missing information were 
excluded from analysis.

Statistical Analysis
Differences in demographics, preoperative comorbidi-

ties between hypoalbuminemic patients and those with 
normal albumin levels were assessed using Pearson’s 
chi-squared tests, Fischer’s exact tests, and one-way 
analysis of variance (ANOVA). Further analysis was 
completed by using propensity score matching without 
replacement to generate a matched control in a 1:1 man-
ner with randomized case-drawing for comparison with 
the 485 hypoalbuminemic TSA patients. This matched 
control cohort of 485 patients with normal albumin levels, 
controlled for significant patient demographic factors and 
pre-operative comorbidities, was analyzed against hypo-
albuminemic patients using Pearson’s Chi-Squared tests 
for categorical variables. ANOVA was used for continuous 
variables, such as age and laboratory values, to evaluate 
for differences in incidence rates and means, respectively, 
for each variable of interest. Multivariate propensity-
adjusted logistic regression models were generated to 
assess hypoalbuminemia’s role as an independent risk 
factor for specific 30-day complications following primary 
TSA. Odds ratios (OR) and 95% confidence intervals (CI) 
were calculated for each postoperative complication to 
quantify the risk association. An alpha of 0.05 was used 
to assess significance in univariate and multivariate 
analyses. All statistical analyses were performed using 
the IBM® SPSS® Statistics Version 25 software. (IBM 
Corp, Armonk, NY, USA)
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Table 1. Patient Demographics and Preoperative Comorbidities Stratified by Serum Albumin

Normal Albumin PM-Matched Control Hypoalbuminemia P-Value PM 
P-Value

DEMOGRAPHICS n=5644 (%) n=485 (%) n=485 (%)

Age (Mean ± SD)a 68.86 ± 9.820 70.26 ± 9.442 71.24 ± 10.388 <0.001 0.125

Sex <0.001 0.005

   Female 3102 54.96% 318 65.57% 358 73.81%

   Male 2540 45.00% 167 34.43% 127 26.19%

Race <0.001 0.179

   American Indian/Alaskan Native 35 0.62% 2 0.41% 1 0.21%

   Asian or Pacific Islander 35 0.62% 3 0.62% 0 0.00%

   Black or African American 248 4.39% 29 5.98% 37 7.63%

   Hispanic 2 0.04% 0 0.00% 1 0.21%

   White 4965 87.97% 424 87.42% 429 88.45%

   Unknown 359 6.36% 27 5.57% 17 3.51%

PRE-OPERATIVE COMORBIDITIES

Smoking History 599 10.61% 52 10.72% 66 13.61% 0.042 0.169

Diabetes Mellitus 1021 18.09% 93 19.18% 113 23.30% 0.005 0.116

Dyspnea <0.001 0.012

   No Dyspnea 5229 92.65% 442 91.13% 413 85.15%

   At Rest 19 0.34% 1 0.21% 4 0.82%

   Moderate Exertion 396 7.02% 42 8.66% 68 14.02%

COPD 367 6.50% 38 7.84% 70 14.43% <0.001 0.001

Ascites 1 0.02% 0 0.00% 1 0.21% 0.152 1.000

Congestive Heart Failure 31 0.55% 3 0.62% 11 2.27% <0.001 0.031

Hypertension 3840 68.04% 335 69.07% 354 72.99% 0.024 0.179

Acute Renal Failure 3 0.05% 0 0.00% 2 0.41% 0.053 0.499

Disseminated Cancer 16 0.28% 4 0.82% 5 1.03% 0.021 1.000

Wound Infection 38 0.67% 5 1.03% 9 1.86% 0.010 0.282

Steroid Use 317 5.62% 38 7.84% 56 11.55% <0.001 0.051

Bleeding Disorder 158 2.80% 25 5.15% 24 4.95% 0.007 0.883

Blood Transfusions 12 0.21% 8 1.65% 9 1.86% <0.001 0.807

Functional Status <0.001 <0.001

   Independent 5456 96.67% 465 95.88% 436 89.90%

   Partially Dependent 127 2.25% 13 2.68% 42 8.66%

   Totally Dependent 6 0.11% 1 0.21% 5 1.03%

LABORATORY VALUESa

Sodium (mEq/L) 139.32 ± 3.073 139.21 ± 3.092 138.61 ± 3.776 <0.001 0.007

Blood Urea Nitrogen (mg/dL) 18.47 ± 7.165 18.71 ± 7.810 19.15 ± 10.314 0.057 0.459

Creatinine (mg/dL) 0.96 ± 0.584 0.96 ± 0.545 1.06 ± 0.879 <0.001 0.026

Albumin (g/dL) 4.11 ± 0.355 4.12 ± 0.349 3.12 ± 0.367 <0.001 <0.001

White Blood Cells (103 c/mL) 7.20 ± 2.524 7.35 ± 2.207 7.86 ± 2.609 <0.001 0.001

Hematocrit (%) 40.63 ± 4.479 40.02 ± 4.495 36.37 ± 5.298 <0.001 <0.001

Platelets (per mL) 243.59 ± 69.043 243.63 ± 67.250 245.32 ± 96.123 0.614 0.753

PM: Propensity Matched; SD: standard deviation; COPD: chronic obstructive pulmonary disease;
aValues expressed as Mean ± Standard Deviation.
All other values expressed as (%) and N. 
Bold indicates statistical significance.
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RESULTS
A total of 14,494 patients underwent TSA between 

2005 and 2016. 6,129 patients met inclusion criteria for 
study, of which 485 patients (7.91%) had hypoalbumin-
emia as defined by a serum albumin concentration of 
less than 3.5 g/dL. A significantly higher proportion of 
females were found to have hypoalbuminemia (73.81%) 
compared to the normal albumin cohort (54.96%; p<0.001). 
Univariate analysis also yielded significant differences 
in race between the two cohorts (p=0.003; Table 1). The 
hypoalbuminemia cohort consisted of significantly 
more individuals who identified as “White” (88.45%) 
and African-American (7.63%) than the control cohort. 
Patients with hypoalbuminemia had higher rates of all 
comorbidities analyzed, with the exception of excessive 
recent weight loss. The mean serum albumin levels be-
tween the two cohorts were also significantly different; 
the low albumin patient cohort had a mean albumin level 
of 3.12 g/dL, while the normal cohort had a mean of 4.11 
g/dL (p<0.001; Table 1).

When comparing the propensity-matched control 
cohort and the hypoalbuminemic patients, the hypoal-
buminemia cohort consisted of a significantly larger 
proportion of female patients (73.81% vs. 65.57%; p=0.005). 
The hypoalbuminemic TSA patients also demonstrated 
significantly higher rates of dyspnea (85.15% vs. 91.13%; 
p=0.012), COPD (14.43% vs. 7.84%; p=0.001), CHF (2.27% 
vs. 0.62%; p=0.031), and functional dependence (9.69% vs. 
2.89%; p<0.001) in comparison to the matched control 
cohort (Table 1).

Hypoalbuminemic patients experienced a significantly 
longer mean LOS from operation to discharge (2.75 days 
vs. 2.20 days; p<0.001) and a significantly longer total 
length of hospital stay from admission to discharge (3.46 
days vs. 2.26 days; p<0.001) than the matched control 
cohort. However, the mean number of days between 
admission and operation were not significantly different 
(p=0.894). The mean operative time (p=0.848) and time 
under anesthesia (p=0.921) were not significantly differ-
ent between hypoalbuminemic patients and those with 
normal albumin levels (Table 2).

Patients with hypoalbuminemia had significantly 
higher rates of numerous 30-day postoperative com-
plications. Hypoalbuminemic patients demonstrated 
higher rates of pulmonary complications (2.06% vs. 0.21%; 
p=0.006), unplanned intubation (1.24% vs. 0.00%; p=0.014), 
DVT/PE (1.24% vs. 0.00%; p=0.014), cardiac complications 
(1.44% vs. 0.21%; p=0.033), and infectious complications 
(1.03% vs. 0.00%; p=0.025). These patients also demonstrat-
ed significantly higher rates intraoperative/postopera-
tive blood transfusions (14.43% vs. 5.36%; p<0.001), return 
to the operating room (2.47% vs. 0.41%; p=0.007), extended 
LOS (> 4 days) following the procedure (16.91% vs. 12.16%; 
p=0.036), unplanned readmission (6.80% vs. 2.47%; p=0.001), 

and mortality (1.03% vs. 0.00%; p=0.025; Table 3).
Multivariate propensity-adjusted logistic regression 

analysis showed hypoalbuminemia to be independently as-
sociated with increased odds of pulmonary complications 
(OR 9.678, 95% CI 1.223-76.569, p=0.031), intraoperative/
postoperative blood transfusions (OR 2.539, 95% CI 1.562-
4.125, p<0.001), reoperation (OR 5.461, 95% CI 1.158-25.745, 
p=0.032), and unplanned readmission (OR 2.607, 95% CI 
1.292-5.259, p=0.007). (Table 4)

DISCUSSION
This study demonstrated increased rates of overall car-

diac and pulmonary complications, unplanned intubations, 
DVT/PE’s, overall infectious complications, increased 
incidence of blood transfusions, reoperation, extended 
LOS (> 4 days), readmission, and death in patients with 
hypoalbuminemia. Given these potential complications, a 
thorough evaluation of patients found to have low serum 
albumin is warranted. Patients should be appropriately 
referred to nutritional services for preoperative optimiza-
tion if the hypoalbuminemia is secondary to nutritional 
deficiencies prior to TSA.

Albumin comprises more than 50% of whole blood and 
has been shown to carry out numerous responsibilities. Re-
cent literature has shown albumin’s role to extend beyond 
that of a carrier protein with its anticoagulant properties. 
While the mechanism is incompletely understood, low 
albumin can lead to a hypercoagulable state, potentially 
causing increased rates of DVT and subsequent PE.16-20 In 
this study, low albumin was associated with an increased 
rate of DVT/PE, which has not been demonstrated in 
previous analyses of TSA..14 

This study found increased rates of required blood 

Table 2. Perioperative Time Variables Stratified 
by Serum Albumin Levels

OPERATIVE 
VARIABLES

PM-Generated 
Control Cohort

Hypoalbumin-
emia

PM 
P-Value

aTime Under 
Anesthesia (min) 191.98 ± 62.688 193.39 ± 75.517 0.912

aOperative Time 
(min) 113.22 ± 44.736 113.75 ± 42.027 0.848

aTotal Length 
of Hospital Stay 
(days)

2.26 ± 1.981 3.46 ± 3.668 <0.001

aDays to Operation 
from Admission 0.81 ± 16.579 0.71 ± 2.112 0.894

aDays to 
Discharge from 
Operation

2.20 ± 1.889 2.75 ± 2.211 <0.001

PM: Propensity-matched;
aValues expressed as Mean ± Standard Deviation
Bold indicates statistical significance.
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transfusion in TSA patients intraoperatively and post-
operatively in patients with low serum albumin. These 
results support previous studies on transfusion rates in 
hypoalbuminemic patients undergoing TSA and revision 
total knee arthroplasty (TKA).10-14 Hypoalbuminemia can 
serve as a surrogate marker for chronic kidney disease 
and chronic inflammatory states, both of which have 
the potential to cause preoperative anemia and subse-
quently, higher rates of transfusion.21-23 The need for 
blood transfusions is likely multifactorial and individual 
to each patient, necessitating further research to clarify 
the relationship between anemia requiring transfusions 
and low albumin levels.

Low albumin has often been used as a surrogate marker 
for overall poorer health. Similar to Garcia et al., this 
study also found increased rates of pulmonary complica-
tions in hypoalbuminemic patients undergoing primary 
TSA.14 This study additionally found an increased rate 
of unplanned intubation in the hypoalbuminemic group 

as well.14 This finding is in line with other reports of 
increased rates of unplanned intubation in hypoalbumin-
emic patients undergoing surgical treatment for geriatric 
hip fractures and revision TKA.10,24 Albumin helps main-
tain intravascular volume, prevents fluid extravasation, 
and supports the vascular endothelial surface.25-26 It is 
plausible that decreased albumin levels could perturb a 
tenacious fluid homeostasis, potentially leading to adverse 
clinical complications. 

 Reports in the cardiac literature indicate that hy-
poalbuminemia is strongly associated with increased rates 
of coronary disease, MI, and other cardiac events in the 
general population.27-30 This study found increased rates 
of cardiac complications in patients with low albumin, an 
association previously unreported in patients undergoing 
TSA.14 The exact mechanism behind hypoalbuminemia’s 
role in causing various cardiac complications, such as MI 
or heart failure is, as of yet, incompletely understood. 
However, the results of this study indicate that low albu-

Table 3. Adjusted 30-Day Postoperative Complication Analysis by Albumin Status

POST-OPERATIVE COMPLICATION
PM-Control Cohort Hypoalbuminemia PM P-Value

n=485 n=485

Pulmonary 1 0.21% 10 2.06% 0.006

Pneumonia 1 0.21% 6 1.24% 0.058

     Unplanned Intubation 0 0.00% 6 1.24% 0.014

     Ventilator Dependence (>48 hours) 0 0.00% 2 0.41% 0.157

Vascular 2 0.41% 7 1.44% 0.094

     DVT/PE 0 0.00% 6 1.24% 0.014

     CVA/Stroke 2 0.41% 1 0.21% 0.563

Cardiac 1 0.21% 7 1.44% 0.033

     Cardiac Arrest 0 0.00% 2 0.41% 0.157

     Myocardial Infarction 1 0.21% 5 1.03% 0.101

Infectious 0 0.00% 5 1.03% 0.025

     Sepsis 0 0.00% 3 0.62% 0.083

     Septic Shock 0 0.00% 1 0.21% 0.317

     Surgical Site Infections 0 0.00% 1 0.21% 0.317

Renal 6 1.24% 9 1.86% 0.435

     UTI 6 1.24% 8 1.65% 0.590

     Renal Insufficiency 0 0.00% 1 0.21% 0.317

Blood Transfusionsa 26 5.36% 70 14.43% <0.001

Reoperation 2 0.41% 12 2.47% 0.007

Extended LOS (≥ 4 days) 59 12.16% 82 16.91% 0.036

Unplanned Readmission 12 2.47% 33 6.80% 0.001

Mortality 0 0.00% 5 1.03% 0.025

PM: Propensity-matched; DVT: deep venous thromboembolism; PE: pulmonary embolism; CVA: cerebral vascular accident; UTI: urinary tract 
infection; LOS: length of stay;
aWithin 72 hours of starting operation
Bold indicates statistical significance.
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min level may be useful as an indicator or screening tool 
for further work up or preoperative optimization to help 
mitigate the effects of cardiac postoperative complica-
tions.

This current study found an overall increase in infec-
tious complications in the low albumin cohort. Hypoalbu-
minemia has been reported to be associated with increased 
infection rates in a broad spectrum of clinical settings.31,32 
Similar to this study, a recent meta-analysis analyzed 
patients with albumin levels <3.5 g/dL and demonstrated 
a nearly 2.5-fold increased risk of SSI in orthopedic proce-
dures.33 This study also found increased rates of extended 
LOS, reoperation, readmission, and mortality in patients 
with low albumin. Low albumin levels have been well 
associated with poor healing reserves in the literature, 
likely secondary to poor nutritional status.34 This poor 
healing capability may contribute to the increased infec-
tion and reoperation rates. A limitation inherent to this 
study is that the ACS-NSQIP database does not delineate 
the reason for readmissions. Albumin levels as a surrogate 
marker for nutritional status may be overutilized as tools 
such as the Mini Nutritional Assessment and Subjective 
Global Assessment have proven to be effective in evaluat-

ing nutritional status.35,36 However, as the results of the 
current study demonstrate, the importance of low albumin 
levels as a potential marker for an arduous postoperative 
course in primary TSA cannot be overlooked. Wilson et al. 
suggest that obtaining an albumin level at admission may 
prove beneficial in orthopedic lower extremity trauma 
patients due to the high rate of readmission, reoperation, 
and overall postoperative complications.37 

Similar to Garcia et al.,14 our study demonstrated that 
patients with hypoalbuminemia were at increased risk of 
blood transfusions in the multivariate logistic regression 
models. Our study did not demonstrate hypoalbuminemia 
to be an independent risk factor for mortality and extend-
ed LOS (> 4 days) in the postoperative period following 
TSA.14 We also additionally report hypoalbuminemia to 
be an independent risk factor for reoperation, readmission, 
and pulmonary complications – relationships previously 
unidentified in TSA patients.14 Further work investigat-
ing the role of hypoalbuminemia and its potential role in 
increased risk of mortality following TSA is warranted 
to better risk-stratify patients preoperatively.

The current study has several limitations. Only vari-
ables that were recorded for more than 85% of the patients 

Table 4. Multivariable Propensity-Adjusted Logistic Regression Analyses Assessing Hypoalbuminemia 
as a Risk Factor for Postoperative Complications

POST-OPERATIVE COMPLICATION P-Value Odds Ratio 95% CI

Pulmonary 0.031 9.678 1.223 76.569
Pneumonia 0.102 5.922 0.704 49.811
Unplanned Intubation * 0.993 >999.99 0.000 -
Ventilator Dependence (>48 hours) * 0.993 >999.99 0.000 -

Vascular 0.133 3.41 0.687 16.920
DVT/PE * 0.992 >999.99 0.000 -
CVA/Stroke 0.474 2.582 0.192 34.653

Cardiac 0.081 6.579 0.791 54.714
Cardiac Arrest * 0.993 >999.99 0.000 -
Myocardial Infarction 0.203 4.159 0.464 37.304

Infectious * 0.992 >999.99 0.000 -
Sepsis * 0.993 >999.99 0.000 -
Septic Shock* 0.992 >999.99 0.000 -
Surgical Site Infections * 0.992 >999.99 0.000 -

Renal 0.683 1.251 0.427 3.662
UTI 0.889 1.082 0.358 3.267
Renal Insufficiency 0.993 >999.99 0.000 -

Blood Transfusionsa <0.001 2.539 1.562 4.125
Reoperation 0.032 5.461 1.158 25.745
Extended LOS (≥ 4 days) 0.250 1.246 0.857 1.812
Unplanned Readmission 0.007 2.607 1.292 5.259
Mortality 0.993 >999.99 0.000

CI: Confidence Interval; DVT: deep venous thromboembolism; PE: pulmonary embolism; CVA: cerebral vascular accident; UTI: urinary tract infec-
tion; LOS: length of stay;
*Had an incidence rate of 0.00% in the PM-generated control cohort (Table 3)
aWithin 72 hours of starting operation
Bold indicates statistical significance.
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were included in this study.  A limitation inherent to all 
clinical registries is the lack of verification of data entries 
that may influence analyses. The ACS-NSQIP database 
only reports outcomes within a 30-day surveillance period. 
Recording adverse events and complications for a longer 
time can provide further insight into longer term out-
comes. Another limitation of this study lies in the exclu-
sion of variables that did not have at least a 90% reporting 
rate. For example, pneumonia and angina were excluded. 
While the exclusion helps the analyses presented in the 
study remain as accurate as possible, excluding such 
variables may lead to unidentified relationships that may 
be in fact significant. A dependence on CPT/ICD-9 codes 
is another limitation as these codes were not originally 
designed for data analysis and could be subject to coding 
bias with financial incentives or coding errors.38 Despite 
propensity-score matching and multivariate analysis, the 
effect of confounding cannot be excluded given the large 
number of variables that may increase risk of complica-
tions in TSA. Finally, all patients who had undergone TSA 
were included in this retrospective study. The present 
study did not distinguish patients based on their need for 
an anatomic total shoulder arthroplasty versus a reverse 
design as the CPT code is the same for both procedures.

CONCLUSION
Hypoalbuminemic TSA patients had increased rates of 

overall cardiac and pulmonary complications, unplanned 
intubations, DVT/PE’s, overall infectious complications, 
increased incidence of blood transfusions, reoperation, 
extended LOS (> 4 days), readmission, and death. Multi-
variate analyses demonstrated low albumin to indepen-
dently increase the risk for pulmonary complications, 
blood transfusions, reoperation, and readmission. Shoulder 
surgeons may wish to proceed with caution when deciding 
on elective TSA for hypoalbuminemic patients and defer 
treatment until medical or nutritional status are optimi-
zated. Future research into identifying a minimum serum 
albumin level could prove useful in establishing guidelines 
in pre-operative counseling in this specific population of 
patients suffering from degenerative shoulder disease 
requiring TSA.
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ABSTRACT
Background: “Turf toe” results from hyperdor-

siflexion of the first metatarsophalangeal joint, 
injuring the plantar capsuloligamentous complex. 
We hypothesized that National Football League 
(NFL) player performance following turf toe injury 
would decrease in comparison to controls at the 
same position.

Methods: Demographics, return to play, and 
season performance data on players sustaining 
turf toe injuries in the NFL from 2010-2015 were 
collected. An Offensive Power Rating (OPR=[total 
yards/10]+[total touchdowns x6]) or Defensive 
Power Rating (DPR=total tackles+[total sacks 
x2]+[total interceptions x2]) was calculated for 
each player. Control data were collected for NFL 
players in 2013 with no history of turf toe injury. 
Statistical analysis was performed using Wilcoxon 
Rank Sum tests.

Results: Twenty-four injured players and 436 
controls were included. Nineteen players returned 
to play within the regular season of injury (mean 
36.7 ± 28.9 days). Seventeen players were re-
moved from team injury reports for turf toe within 
the regular season (mean 42.6 ± 26.2 days). Three 
players required season-ending surgery. Compari-
son of 1-year post- versus pre-injury revealed an 
insignificant median OPR difference (-18.9 IQR 
-43.4 to 10.3 vs. control -12.2 IQR -46.2 to 47.7, 
p = 0.328) and median DPR difference (-1.0 IQR 
-26.0 to 17.0 vs. control 2.0 IQR -15.0 to 18.0, 
p = NA). Comparison of 2-year data revealed no 
significant median OPR dif ference (-32.6 IQR 
-122.2 to 1.0 vs. control -20.7 IQR -72.6 to 44.7, 
p = 0.327) and median DPR difference (-5.0 IQR 
-19.0 to 6.0 vs. control -4.5 IQR -22.0 to 12.5, 
p= NA).

Conclusions: Turf toe results in significant loss 
of playing time. Despite the long recovery period, 
NFL players have similar performance following 
injury compared to controls. The effect of turf toe 
injuries on performance is variable.

Level of evidence: IV
Keywords: football, turf toe, performance, sports

INTRODUCTION
“Turf toe” is a common injury affecting high level 

athletes, occurring in 10.9% of elite college football play-
ers.1 Initially coined in 1976 by Bowers in response to 
an increasing injury pattern related to new turf, “turf 
toe” represents a hyperextension injury to the hallux 
metatarsophalangeal (MTP) joint resulting in a plantar 
capsuloligamentous sprain or tear, which can ultimately 
lead to progressive deformity.2 As a result, previous 
literature has focused on identifying and modifying 
risk factors for injury prevention.3 Turf toe represents 
a spectrum of injury, ranging from mild attenuation to 
complete disruption of plantar tissue.4 Treatment can 
range from symptomatic management to surgical re-
pair or reconstruction. While many of these cases can 
be managed non-operatively, up to 50% of patients may 
experience persistent pain and stiffness, with decreased 
mobility compared to other uninjured toes.5,6 In the 
setting of persistent dysfunction or instability, surgical 
intervention may be indicated in the high-level athlete 
to prevent late deformity.7

Recently, a greater analytical emphasis has been 
placed on the management of orthopedic injuries in the 
high-level athlete, focusing on statistical performance 
after return to play.8,9 Offensive and defensive power 
ratings have previously been described to rate overall 
performance in NFL athletes to adjust for production and 
statistics affected by position played and provide a com-
prehensive metric to compare across position groups.9 
To date, no data is available that quantitatively compares 
the change in performance in athletes suffering turf toe 
injury. Professional American football athletes, particu-
larly players at “skill” positions, place unique demands 
on the MTP joint, with injury potentially detracting 
from performance even after return to play. Given the 
persistent symptoms experienced by NFL players with 
turf toe, we hypothesized that post-injury performance 
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and statistical output in NFL players would decrease in 
comparison to healthy controls at the same position. 
Our ultimate goal is to better understand and predict 
the short and long-term consequences of turf toe injury

METHODS
Game summaries, weekly team injury reports, team 

press releases, and media reports (ESPN.com, NFL.com, 
Rotoworld.com) were used to identify players sustaining 
“turf toe” injuries from 2010-2015 NFL seasons. Players 
who sustained a turf toe injury and played at positions 
where an Offensive Power Rating (OPR) or Defensive 
Power Rating (DPR) could be calculated were included: 
running back (RB), tight end (TE), wide receiver (WR), 
defensive lineman (DL), linebacker (LB), and defensive 
back (DB). Players who did not have a minimum of one 
regular season of play before and after the year of injury 
were excluded from the study. A control group was gen-
erated from all active roster RBs, TEs, WRs, DLs, LBs, 
and DBs in the NFL in 2013 who did not sustain a turf 
toe injury during the study period, which encapsulates 
performance metrics from 2010-2015. Players who did 
not participate in the 2012 and 2014 regular seasons 
were excluded as controls. 

Demographics and return to play statistics were col-
lected on injured players during the index season. The 
following variables were recorded: date of injury, player 
age, number of prior years of NFL experience, last year 
of NFL play if during the study period, whether the 
player retired due to turf toe, operative vs. non-operative 
treatment of turf toe injury, time to return to play, and 
time off injury report.  Time to return to play was de-
fined as the number of days after turf toe injury at which 
the player participated in at least one in-game play. Days 
until off injury report was defined as the number of days 
after turf toe injury until the player was no longer listed 
on the team injury report for a toe injury.

Performance data was collected for a minimum of 
one year before and up to two years after the season of 
injury. Offensive performance data was collected using 
the following variables: games played, yards rushing and 
receiving, and touchdowns. Defensive performance vari-
ables included games played, interceptions and fumbles 
recovered, tackles, and quarterback sacks. Using a previ-
ously validated performance evaluation score,8,9 an Of-
fensive Power Rating (OPR = [total rushing and receiving 
yards/10] + [total TDs x 6]) and Defensive Power Rating 
(DPR = total tackles + [total sacks x 2] + [total intercep-
tions and fumbles recovered x 2]) was generated for 
each year of data for injured and control subjects. OPR 
and DPR as metrics for player performance have been 
shown to have high intra-class correlation coefficients 
and criterion-oriented validity using Pro Bowl selection 

as a benchmark.8 In accordance with this previously 
described approach for performance analysis, control 
players with low statistical production from 2010-2015 
(sum of OPR < 150 or sum of DPR < 35) were excluded 
from analysis.6

Group differences (between injured and non-injured 
groups) in continuous variables were evaluated using 
Wilcoxon Rank Sum tests. Associations between injury 
group (injured and non-injured groups) and categorical 
variables were evaluated using Fisher’s Exact tests. 
Statistical significance was assessed at the 0.05 level, 
and all analyses were conducted using SAS 9.4 (SAS 
Institute, Cary NC).

RESULTS
From 2010-2015, 50 players sustained a “turf toe” 

injury and 24 players (11 offense and 13 defense) met 
criteria for inclusion in this study [Table-1]. Twenty-six 
players were excluded for one or more of the following 
criteria: six were offensive linemen, three were quarter-
backs, nine did not play at least one full regular season 
before the season of injury (index), and 10 did not play 
at least one full regular season after index. Of the 13 of-
fensive players who met criteria for inclusion, six were 
running backs (RBs), two were tight ends (TEs), and 
three were wide receivers (WRs). Of the 13 defensive 
players meeting inclusion criteria, five were defensive 

Players 
sustaining turf 

toe injury
Controls P value

Offense

Number of players 11 72 --
Age (years) 25.45 26.29 0.25
Number of games 
played in 2 seasons 
prior to index 
season

23.00 23.72 0.92

Position 0.29
Receiver 5 20
Rusher 6 52

Defense

Number of players 13 364
Age (years) 26.38 26.92 0.24
Number of games 
played in 2 seasons 
prior to index 
season

27.00 25.48 NA*

Position 0.83
Defensive Line 3 106
Linebacker 5 111
Defensive Back 5 147

Table 1. Demographics of Players Sustaining 
Turf Toe Injury and Controls 

*indicates inability to estimate probability using Wilcoxon rank 
sum test.
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backs (DBs), three were defensive linemen (DLs), and 
five were linebackers (LBs). Of the 731 RBs, TEs, WRs, 
DBs, DLs, and LBs who participated in the 2013 NFL 
season (in this case, index) and did not sustain a turf 
toe injury from 2010-2015, 72 offensive players and 364 
defensive players met criteria for inclusion in this study. 
The remaining players were excluded for one or more 
of the following criteria: 273 did not play at least one full 
regular season before and after index and 292 had low 
performance statistics (5-year cumulative OPR < 150 or 
DPR < 35). No differences were found in demographics 
when comparing players sustaining turf toe injury to 
their respective control groups [Table -1].

Eighteen players (75%) returned to play within the 
regular season of injury at a median of 28 (IQR 20.25 to 
42) days [Figure-1a]. The remaining six players returned 
to play during the following regular season. Three play-
ers required season-ending surgery for turf toe, and one 
player who did not meet criteria for inclusion this study 
retired at the end of the injury season due to persistent 
pain from turf toe. Fifteen players (62.5%) were eventu-
ally removed from team injury reports for toe injury at 
a median of 42 (IQR 27 to 51) days [Figure-1b].

There were no significant differences in offensive 
player performance between players with turf toe in-
jury and their respective controls. Injured players had 
a median OPR of 84.0 (IQR 4.7 to 109.3) the season 
before index, 67.3 (IQR 10.8 to 114.3) the season after 
index, and 45.3 (4 to 114.3) two seasons after index. In 
comparison, control players had a median OPR of 89.2 
(IQR 53.4 to 154) the season before index, 91.45 (IQR 
42.8 to 149.08) the season after index, and 87.35 (IQR 
46.1 to 141.02) 2 seasons after index [Figure-2]. From the 
season before to one season after index, injured players 
had a median change in OPR of -18.9 (IQR -43.4 to 10.3) 
vs. -12.2 (IQR -46.2 to 47.7) for controls (p = 0.328). Data 
using two seasons after index demonstrated a median 
change in OPR of -32.6 (IQR -122.2 to 1.0) vs. -20.7 (-22.0 

to 12.5) for controls (p = 0.327).
There were also no significant differences in defen-

sive player performance between injured players and 
controls. Injured players had a median DPR of 45 (IQR 
34 to 79) the season before index, 51 (IQR 36 to 64) 
the season after index, and 52.5 (IQR 42.25 to 55.5) two 
seasons after index. Control players had a median DPR 
of 37 (IQR 20 to 60) the season before index, 40 (IQR 
22 to 58.25) the season after index, and 37 (IQR 19 to 
25) two seasons after index [Figure-3]. From the season 
prior to index to one season after, injured players had 
a median change in DPR of -1.0 (IQR -26.0 to 17.0) vs. 
2.0 (IQR -15.0 to 18.0) for controls. Data examining two 
seasons post-index demonstrated a median change in 
DPR of -5.0 (IQR -19.0 to 6.0) vs. -4.5 (IQR -22.0 to 12.5) 
for controls. Exact probabilities for DPR analysis were 
unable to be estimated using Wilcoxon rank sum test.

DISCUSSION
Turf toe represents a spectrum of injury and ranges 

from partial to complete disruption of the plantar tissues 
on the first MTP joint. First described in athletes in 1976, 
turf toe has become more extensively scrutinized for 
long-term sequelae with the goal of determining optimal 
management. In athletes, injury typically occurs when 
an axial load is applied to the heel of a plantarflexed 
foot with the great toe in extension, typically as part 
of a tackle.10 The risk of this injury increases with age, 
artificial playing surfaces, and more flexible shoe wear3 
and will affect nearly 10% of high-level football athletes,10 
and has been reported to occur in up to 45% of NFL play-
ers.11 This study found significantly fewer cases of turf 
toe injury, likely secondary to methodology requiring 
injury to be severe enough that it was recorded on the 
team weekly injury report.

This study demonstrates that players who sustained a 
turf toe injury missed a substantial portion of the season, 
with a median return to play of 28 days. The wide range 

Figure 1. Number of days (a) to return to play and (b) until removed from the injury report for all turf toe injured players. FS denotes players 
who not return until the following season.
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in return to play metrics reflects a wide spectrum of in-
jury severity for “turf toe,” and underlines the difficulty 
in studying this injury at a population level. One player 
was not included in this study because he retired due to 
injury and did not return to play the following season. Of 
the players who did return and met inclusion criteria, 25% 
of them did not return to play until the following season, 
with three (12.5%) requiring season ending surgery. 
A study using surveillance data of National Collegiate 
Athletic Association football players found that turf toe 
had an incidence of 0.062 per 1000 athlete exposures 
and comprised 0.83% of all football injuries.3 1.74% of 
players required operative intervention and the average 
time lost from injury was 10.1 days. While not directly 
comparable, the large discrepancy in metrics from those 
of this study may stem from the inherent differences 
in surveillance data and media reported data, the latter 

skewing towards more severe grades of injury. 
Though it did not reach statistical significance, of-

fensive players affected by turf toe did show a trend 
toward lower performance after injury compared with 
controls. This is in line with previous thought that the 
effect of turf toe is dependent on the demands placed 
on the foot. It has also been previously postulated that 
position played may impact time missed due to injury, 
with linemen reported to better tolerate the injury than 
sprinters.2 Not only does turf toe injury occur more 
frequently in running backs and wide receivers due 
to the mechanism, it may have a significant impact on 
performance, particularly considering the long-standing 
symptoms that can persist after injury.1,5,10  

There are several limitations to this study. This study 
was retrospective which limits its full clinical applicability. 
This was accounted for by comparing injured patients to 

Figure 2. Median offensive power rating and interquartile range of injured players vs controls per season.

Figure 3. Median defensive power rating and interquartile range of injured players vs controls per season.
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similar healthy controls to determine if the difference in 
performance between seasons was different by players 
with turf toe injuries. Additionally, this study did not 
stratify patients by grade or injury severity, as this data 
was not publicly available. Furthermore, the limited 
number of patients who met criteria for study would not 
have allowed for subgroup analysis based on grade of 
injury. This is partially because turf toe is a relatively 
infrequent injury, occurring in approximately 0.06 per 
1000 athlete exposures.3 This may partially explain the 
high variance in the data. The variability in individual 
player performance and playing time in a team sport 
with frequent substitutions may also contribute to this 
high variance in both the study and control groups. An a 
priori power analysis was not performed, and a post-hoc 
power analysis was determined to be non-contributory.13 
Regardless, given the different positions affected and the 
limited overall sample size, these power ratings provide 
an acceptable proxy by which to compare performance.

Turf toe represents a spectrum of injury that can 
lead to a significant loss of playing time in NFL athletes 
depending on the degree of soft tissue rupture. Despite 
this loss of time, professional football players appear 
to return to a similar level of play following a turf toe 
injury compared to healthy controls when measured 
by composite offensive and defensive metrics. Further 
examination with a larger series of patients would be 
useful to understand the degree to which injury severity 
may affect performance.
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ABSTRACT
Background: Multiple reports have detailed 

clinical outcomes in surgically treated patients 
with borderline hip dysplasia. The purpose of this 
systematic review was to define patient outcomes 
following these surgical interventions. 

Methods: Searches were developed using an 
iterative process of gathering and evaluating terms. 
Comprehensive strategies including both index and 
keyword methods were devised for the following 
databases: PubMed, Embase, and Cochrane CEN-
TRAL. Independent review and data abstraction 
was performed by two authors. Inclusion criteria 
were clear delineation of outcomes for patients with 
borderline hip dysplasia (Lateral center edge angle 
(LCEA) 18-25°) and outcomes following hip ar-
throscopy and/or periacetabular osteotomy (PAO), 
including patient reported outcomes (PROs), re-
vision arthroscopy, and conversion to Total Hip 
Arthroplasty. Exclusion criteria included alternative 
surgical procedures including “shelf” or “salvage” 
osteotomies, studies without patient outcomes or 
clearly delineated results for patients with border-
line dysplasia, inclusion of <5 borderline patients, 
or inadequate follow-up defined as < 12 months. 

Results: Thirteen of 2109 articles met inclusion 
criteria for full data analysis. 505 patients (mean 
age 29.6 years, 67.7% female) with borderline 
dysplasia (mean LCEA 22.3°) were treated with 
hip arthroscopy. The majority of studies reported 
outcomes using the modified Harris Hip Score 
(mHHS) and Hip Outcome Score Sports Specific 
Subscale (HOS-SSS); all showed post-operative 
improvement with mean increase of 21.0 and 
26.8 points, respectively. Revision arthroscopy rate 
was 7.5% (31/412), and a total hip arthroplasty 
conversion rate was 4.0% (18/455).  The aver-

age combined total reoperation rate was 13.7% 
(69/505).

Conclusion: Arthroscopic management of bor-
derline hip dysplasia is associated with meaning-
ful improvement in PRO scores. However, there 
appears to be a high reoperation rate including 
both arthroscopic and open revision procedures. 
There is a paucity of studies reporting outcomes 
of PAO in patients with borderline hip dysplasia. 

Level of evidence: Systematic review of Level III 
and Level IV studies. 

Keywords: borderline hip dysplasia, outcomes, 
hip arthroscopy

INTRODUCTION
Developmental hip dysplasia (DHD) is a condition char-

acterized by under-coverage of the acetabulum over the 
femoral head, leading to abnormal biomechanics and joint 
instability.1,2 DHD can also lead to a myriad of soft tissue 
abnormalities including acetabular labral hypertrophy or 
damage, chondral damage and premature osteoarthritis.3-7 
DHD is often assessed by measuring the lateral-center 
edge angle (LCEA) as described by Wiberg, with LCEA 
<20 degrees denoting classic DHD.8 Borderline hip dys-
plasia (BHD) is defined by mild under-coverage with an 
LCEA of 18-25 degrees.9 Peri-acetabular osteotomy (PAO) 
is the treatment of choice for skeletally mature patients 
with DHD, with multiple studies reporting favorable long 
term outcomes for hips with LCEA <20.10-13 Consensus var-
ies, however, regarding the surgical management of BHD. 

Hip arthroscopy is used to treat various intraarticular 
pathologies including femoroacetabular impingement 
(FAI) and labral tears with favorable long term out-
comes.14-16 The incidence of these intraarticular patholo-
gies is high in patients with BHD.17-19 Arthroscopy as an 
adjunct to open hip surgery has therefore become increas-
ingly common in the management of BHD,20-22 with some 
surgeons performing combined arthroscopic and open hip 
techniques to address intraarticular and extraarticular 
pathologies such as FAI, labral damage and acetabular 
under-coverage for BHD with a single anesthesia event. 
Staged procedures are also commonly used. Several stud-
ies have shown clinical benefit of combined management 
of BHD with favorable early outcomes.21,23,24 However, it 
is uncertain as to the best overall treatment strategy in 
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these patients with regards to open versus arthroscopic 
treatment, their order and timing if both are performed, 
and their individual and combined clinical outcomes. 

As the management of BHD is not well understood, 
the purpose of this systematic review was to perform 
a detailed compilation of the literature to elucidate 
patient-reported outcomes and failure rates after surgi-
cal intervention in patients with BHD.  Our hypothesis 
is that arthroscopic treatment alone of BHD will be as-
sociated with improvement in clinical outcomes with low 
complication rates. 

METHODS
A careful search strategy was developed using an 

iterative process of gathering and evaluating terms to 
identify publications pertaining to outcomes following 
hip arthroscopy and/or periacetabular osteotomy in the 
setting of BHD. Comprehensive strategies including 
both index and keyword methods were devised for the 
following databases: PubMed, Embase, and Cochrane 
CENTRAL. Articles were first identified using three 
main concept terms and associated Medical Subject Head-
ing terms (MeSH) of 1) “arthroscopy” or “periacetabular 
osteotomy” with MeSH terms of “Arthroscopy AND (hip 
Or hip joint),” “osteotomy AND (hip or hip joint), and 
“acetabulum/surgery” 2) “hip dysplasia” with MeSH 
terms of “hip dislocation” and “hip joint/pathology” and 
3) “outcomes” with MeSH terms of “treatment outcome,” 
“radiography,” “pain,” “range of motion,” “recovery of func-
tion,” disease progression,” “postoperative complications,” 
“total hip arthroplasty,” “return to sport,” “recurrence,” 
and “follow-up studies.” EMTREE search terms included 
“periacetabular osteotomy,” “arthroscopy AND hip,” “oste-
otomy AND hip,” “acetabulum” with surgery subheading, 
“hip dysplasia,” “hip disease” with surgery subheading, 
“follow-up.” Articles were independently reviewed by two 
reviewers (C.B., E.S.). Articles were first chosen by title 
and abstract for relevance, and then underwent full-text 
review. Articles without abstracts were chosen for full 
text review. Levels of evidence were determine by cur-
rent Cochrane guidelines, following previously defined 
categories by Cook et al.25

The following criteria were used to include article in 
final analysis: 1) study included patients with BHD, either 
entire cohort or subgroup, defined as LCEA 18-25 degrees, 
2) treatment consisted of hip arthroscopy and/or acetabu-
lar osteotomy including Ganz, Bernese, periacetabular, 
or rotational curved osteotomy, and 3) reported patient 
outcomes including data on survivorship, complications, 
clinical outcomes, patient reported outcomes (PRO), re-
turn to play, revision surgery, and/or conversion to total 
hip arthroplasty (THA). Exclusion criteria consisted of 
review articles,  hip osteotomies other than previously 

mentioned including “shelf” or “salvage” osteotomies, pe-
diatric osteotomies for congenital hip dysplasia including 
Salter, Pemberton and others, results not specific to BHD 
subgroup, articles without patient outcomes (i.e. purely 
biomechanical or radiographic data), non-English, follow-
up <1 years, and small sample size (<5 patients). We also 
excluded studies on procedures performed for other hip di-
agnoses such as slipped capital femoral epiphysis (SCFE), 
Legg-Calve-Perthes, and post-infectious deformities. 

After full text review and determination of inclusion, 
data acquisition included extraction of baseline patient 
demographic variables including sex, age, preoperative 
LCEA, preoperative Tonnis grade, and preoperative PRO 
scores including modified Harris Hip Score (mHHS), 
Hip Outcome Score (HOS for Activities of Daily Living 
[ADL] and Sports Specific Subscale [SSS]), Nonarthritic 
Hip Score (NAHS), visual analog scale (VAS), and patient 
satisfaction score. Procedural data on specific hip ar-
throscopy procedures including capsular plication, labral 
repair versus debridement, femoroplasty, acetabuloplasty, 
iliopsoas lengthening, and others were also recorded. 
Postoperative data including postoperative PROs, LCEA, 
complications, revision surgery, and conversion to THA 
were also recorded. 

Descriptive analysis were used to report study charac-
teristics, total rate of complications, revision hip arthros-
copy, and conversion to THA. Additionally, mean change 
in preoperative and postoperative PRO scores were cal-
culated. To determine if the mean change for each PRO 
met clinical significance, established minimal clinically 
important difference (MCID) were utilized for mHHS,26 
HOS-ADL,26 HOS-SSS,26 and VAS.27 Beck et al. determined 

Figure 1.  PRISMA flowchart for search strategy.
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MCID for mHHS, HOS-ADL, and HOS-SSS are 8.5, 9.2, and 
13.7 point increase at 2 years after hip arthroscopy for 
BHD, respectively.26 Similarly, Martin et al. determined 
that a decrease of 15 mm met MCID for VAS at 1 year 
after hip arthroscopy.27 A reasonable established MCID 
was not found for NAHS, therefore, achieving clinically 
significant change for NAHS was not assessed.  

RESULTS
In December 2017, our search identified 2109 articles 

from PubMed, Embase, and Cochrane CENTRAL data-
bases. 153 articles were chosen for full text review after 
abstract and title review (Figure 1). Thirteen articles 
met inclusion and exclusion criteria and underwent full 
data analysis (Table 1). All thirteen articles included 
BHD patients undergoing hip arthroscopy only. Articles 
on acetabular osteotomies that met our inclusion and ex-
clusion criteria were not identified in the search. Of the 
thirteen articles included in the review, five were level 
III evidence and 8 were level IV evidence articles. In total, 
505 patients (mean age 29.6 years, 67.7% female) with 
borderline dysplasia (mean LCEA 22.3°) were included in 
the final analysis. Mean follow-up across studies report-
ing follow-up specific to borderline sub-groups was 35.6. 

A variety of arthroscopic procedures were reported, 
including labral repair, labral debridement, femoroplasty, 

rim decompression, chondroplasty, iliopsoas lengthen-
ing, ligamentum teres debridement, loose body removal, 
microfracture, capsular closure, capsular decompression, 
trochanteric bursectomy, and iliotibial band release. The 
use of labral repair or debridement varied, with some 
performing labral procedures on all patients,28,29 and oth-
ers reporting labral procedures in 50% of patients;30,31 the 
average rate of labral procedures during arthroscopy was 
76.9%. Specifically, labral debridement ranged from 0-50% 
across studies. Rates of osteoplasty and chondroplasty 
were difficult to analyze, as many studies did not report 
on these procedures individually. Cam decompression rate 
ranged widely, from 0-100%.  A comparison of outcomes of 
specific arthroscopy procedures could not be performed, 
as studies varied greatly in their baseline patient demo-
graphics, indications, and reported follow-up.

Regarding clinical outcomes, all but one study reported 
improvement in PRO scores (Table 2). Mean change in 
pre and postoperative PRO scores assessed met MCID. 
Nine studies reported mHHS and HOS-SSS scores with 
a calculated mean improvement of 21.0 and 26.8 points, 
respectively, which is greater than the 8.5 and 13.7 point 
increase required to achieve MCID, respectively.3,28,31-37 
Similarly, six studies reported HOS-ADL with mean 
improvement of 17.3 which is greater than the 9.2 point 
improvement required to achieve MCID.3,28,32-35 Six stud-

Table 1. Study Characteristics 

Study Year Level of Evidence Patients n 
(% female)

Mean Age, yr 
(range)

Follow-up, yr 
(range)

Preoperative 
LCEA (range)

Domb et al.31 2013 IV- Case Series 22 (82) 20 (14-39) 2.3 (1.4-3.25) 22.2 (15-25)

Chandrasekaran et al.3 2017 IV- Case Series 55 (63) 24.3 (13.2-38.7) 2.1 (2.0-2.53) 22.1 (18-25)

Evans et al.30 2017 IV- Case Series 21 (81) 15.5 (13.1-17.5) 2.19 22.3 (20-25)

Nawabi et al.29 2016 III- Cohort Study 55 hips (48) 29.8 1.30 (0.33-3.38) 22.4 (18.4-24.9)

Fukui et al.25 2015 IV- Case Series 102 hips (50) 35 (18-69) 3.33 (2.0-8.08) 23 (20-25)

Matsuda et al.27 2017 IV- Case Series 8 (50) 49.6+/-7.6 2 19 (16-24)

Hatakeyama et al.26 2017 III- Case Control 45 (66) 31.4 (12-65) 3.54 (2.0-6.05) 23.2 (20-25)

Kalore and Jiranek28 2012 IV- Prognostic Study 50 (88) 35 for repair, 41 
for debridement

2.75 23

Grammatopoulos et al.41 2017 III- Case Control 43 40.9 (16-55) for 
entire cohort

4.5 (0.4-8.3) for 
entire cohort

20 (15-25)

Chaharbakhshi et al.33 2017 III- Prospective Cohort Study 40 (90) 28.2 (13.3-51.9) 3.87 (2- 6.94) 22.05 (18-25)

Cetanovich et al.32 2017 III- Retrospective Cohort Study 36 (75) 31.5 (SD 11.8) ≥ 2 yrs 23.4 (SD 1.5)

McCarthy et al.44 1998 IV- Retrospective Review 20 (65) 36 (16-54) 24 (27-41) 23 (19-27)

Domb et al.31 2018 IV- Case Series 19 (90) 22.9 (15.5-39.3) 5.73 (5- 6.98) 21.7 (18-24)

HOOS, Hip disability Osteoarthritis Outcome Score; HOS-ADL, Hip Outcome Score–Activities of Daily Living; HOS-SSS, Hip Outcome Score–
Sports Specific Subscale; LT- ligamentum teres, LCEA, lateral center edge angle; mHHS, modified Harris Hip Score; NA, not available; NR, not 
reported; NAHS, Nonarthritic Hip Score; PRO, patient-reported outcome; SF-36, 36-item short form; THA, total hip arthroplasty; VAS, visual 
analog scale; WOMAC, Western Ontario and McMaster Osteoarthritis Index.
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Table 2. Procedures Performed and Patient Reported Outcome Measures Assessed 

Study Procedures Performed PROs 
evaluated

Preoperative PRO 
Scores

Postoperative PRO 
Scores

Domb et al.31

capsular plication (100%), labral repair (95%), 
labral debridement (4.5%), LT debridement 
(59%), iliopsoas release (68%), osteoplasty/

chondroplasty (41%)

mHHS, 
HOS-ADL, 
HOS-SSS, 

NAHS, and 
VAS

mHHS= 69, 
HOS-ADL= 72.9, 

HOS-SSS= 49, 
NAHS= 68.6, 

VAS= 5.8

mHHS= 86.2, 
HOS-ADL= 89.6, 

HOS-SSS= 77, 
NAHS= 85.9, 

VAS= 2.9 

Chandrasekaran et al.3

capsular plication (100%), labral repair (67%), 
labral debridement (31%), iliopsoas lengthen-
ing (62%), LT debridement (52%), osteoplasty 

(58%), chondroplasty (47%), loose body 
removal (9%), microfracture (5%)

mHHS, 
HOS-ADL, 
HOS-SSS, 

NAHS, and 
VAS

mHHS= 63.7, 
HOS-ADL= 68.8, 
HOS-SSS = 46.4, 

NAHS= 63.7, 
VAS= 5.64

mHHS= 84.4, 
HOS-ADL= 86.3, 
HOS-SSS= 74.8, 

NAHS= 83.8, 
VAS= 2.47

Evans et al.30

capsular plication (100%), labral repair (62%), 
labral debridement (38%), femoroplasty 

(71%), iliopsoas lengthening (71%), LT de-
bridement (14%), iliopsoas bursectomy (14%), 

synovectomy (14%)

mHHS, 
HOS-ADL, 
HOS-SSS, 

NAHS, and 
VAS

mHHS= 59.71, 
HOS-ADL= 62.9, 
HOS-SSS= 42.13, 

NAHS= 62.75, 
VAS= 6.29

mHHS= 91, 
HOS-ADL= 94.74, 
HOS-SSS= 81.59, 

NAHS= 91.94, 
VAS= 1.31

Nawabi et al.29

cam osteoplasty (98%) labral repair (69%), 
capsular closure (100%), labral debridement 
(31%), LT debridement (24%), subspine de-
compression (64%), acetabuloplasty (27%)

mHHS, 
HOS-ADL, 

HOS-SSS, and 
iHOT-33

mHHS= 61.7, 
HOS-ADL= 76, 
HOS-SSS= 54.6, 
iHOT-33= 44.4

mHHS= 86.2, 
HOS-ADL= 93.2, 
HOS-SSS= 85.4, 

iHOT-33= 80

Fukui et al.25

capsular closure (100%), labral repair (100%), 
microfracture (18%), cam osteoplasty (78%), 

acetabuloplasty (5%), capsular plication 
(37%), LT debridement (93%)

mHHS, 
HOS-ADL, 
HOS-Sport, 
SF12 PCS, 
SF12 MCS, 

and WOMAC

mHHS= 63.5, 
HOS-ADL= 70.9, 
HOS-sport= 51.4 
SF12 PCS= 42.5, 
SF12 MCS= 52.4, 

WOMAC= 25.3

mHSS= 84.9, 
HOS-ADL= 83.7, 
HOS-Sport= 75.7 
SF12 PCS= 50.9 

SF12-MCS= 54.1, 
WOMAC= 9.7

Matsuda et al.27

T-capsulotomy without closure (100%), 
labral repair (50%), labral debridement (50%), 

acetabuloplasty (50%), cam osteoplasty 
(100%), microfracture (25%)

NAHS NAHS= 52.9 NAHS=69.17 (1 yr); 
52.13 (2 yrs)

Hatakeyama et al.26 labral repair (100%), cam osteoplasty (93%), 
capsular plication  (100%)

mHHS and 
NAHS

Success cohort: 
mHHS= 72.1 
NAHS= 58.8 

Reoperation Cohort: 
mHHS= 68.1 
NAHS= 60.0

Success Cohort: 
mHHS= 100 
NAHS= 98.8 

Reoperation Cohort: 
mHHS= 75.9 
NAHS= NR

Kalore and Jiranek28 labral repair (50%), labral debridement (50%) mHHS and 
HOOS

Labral Debridement 
mHHS= 48.3, 

Labral Repair 
mHHS= 59.43

Labral Debridement 
mHHS= 65.19, 

HOOS-Pain= 73; 

Labral Repair 
mHHS= 75.28, 

HOOS-Pain= 78

Grammatopoulos et al.41

limited capsulotomy, labral repair (44% for 
entire cohort), microfracture (25% for entire 
cohort), osteochondroplasty (81% for entire 

cohort)

NAHS and 
HOOS

NAHS=46, 
HOOS=71

NAHS=62, 
HOOS=71

(continued on next page)
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ies reported VAS with mean improvement of 3.9, which 
is greater than the 1.5 improvement required to achieve 
MCID.3,33-37 Seven studies reported NAHS with mean 
improvement of 18.8. 3,29,30,33,34,36,37 

The average reported rate of revision after arthros-
copy was 7.5% (31/412), and the conversion rate to ar-
throplasty was 4.0% (18/455), however several studies 
reported combined reoperation rate which included THA 
and hip arthroscopy without delineating by type of revi-
sion surgery (Table 3). Kalore et al. reported the highest 
revision rate at 44%, however, they defined revision sur-
gery as revision hip arthroscopy, conversion to THA, or 
PAO.31 The average combined total reoperation rate for 
any cause was 13.7% (69/505) across all studies.

DISCUSSION
Hip dysplasia at skeletal maturity can be managed sur-

gically with open techniques that reorient the acetabulum 
including PAO, Ganz, and others.8,10,13 The utility of hip 
arthroscopy, which has become increasingly used for the 

management of FAI, remains controversial in hip dyspla-
sia.38-40 Many reports describe unsatisfactory outcomes in 
patients with moderate to severe hip dysplasia (LCEA <18 
degrees) treated solely with arthroscopic techniques, with 
high rates of reoperation.31,41,42 The best treatment course 
for patients with BHD (LCEA 18-25) remains uncertain. 
PAO for the borderline dysplastic hip may not provide 
significant benefit to offset the invasive nature of the 
procedure; alternatively, some arthroscopic techniques 
may exacerbate or fail to improve symptoms of mild 
dysplasia.42,43 The overall purpose of two procedures are 
vastly different, with the purpose of the PAO to improve 
bony acetabular coverage, while arthroscopy can address 
associated conditions including capsular laxity, labral 
pathology, femoral acetabular impingement, cartilage 
injury, loose bodies, or soft tissue contracture.10-12,14-16 
The purpose of this study was to evaluate the reported 
outcomes of hip arthroscopy and acetabular reorienting 
osteotomies in these patients, to determine appropriate 
treatment strategies and direction of future research. 

Table 2. Procedures Performed and Patient Reported Outcome Measures Assessed (continued)

Study Procedures Performed PROs 
evaluated

Preoperative PRO 
Scores

Postoperative PRO 
Scores

Chaharbakhshi et al.33

capsular plication (100%), labral repair (65%), 
selective debridement (35%), LT tear debride-

ment (50%), internal snapping hip iliopsoas 
fractional lengthening (45%), femoroplasty 

(70%), Loose body removal (2.5%), synovectomy 
(5%), notchplasty (2.5%), acetabular microfrac-

ture (5%), acetabular decortication (37.5%)

mHHS, 
NAHS, 

HOS-SSS, 
VAS, and 

patient 
satisfaction

20 patients in each group 

LT group: 
mHHS= 64.1,
NAHS= 63.9, 

HOS-SSS= 44.1, 
VAS= 5.3  

Non-LT group: 
mHHS=66.9, 
NAHS= 67.7, 

HOS-SSS= 50.4, 
VAS= 5.5

20 patients in each group 

LT group: 
mHHS= 81.3, 
NAHS= 81.7, 

HOS-SSS= 68.1, 
VAS= 2.7 

Non-LT group: 
mHHS= 87.4, 
NAHS= 88.4, 

HOS-SSS= 75.6, 
VAS= 2.1

Cetanovich et al.32

capsular plication (100%), labral repair (92%), 
acetabuloplasty (11%), femoral osteoplasty 
(100%), capsular closure (100%), troch bur-

sectomy (3%), IT band release (3%), cartilage 
delamination (39%) 

mHHS, 
HOS-ADL, 

HOS-SSS, and 
VAS

mHHS= 57.2, 
HOS-ADL= 65.4,  

HOS-Sports= 44.5, 
VAS= 7.6

mHHS= 79.9, 
HOS-ADL= 88.6, 

HOS-Sports=73.6, 
VAS= 1.4 

McCarthy et al.44 labral repair or debridement (90%), loose body 
removal (15%), chondral procedures (35%)

Absence of 
preoperative 

pain

Absence of 
preoperative pain= 0%

Absence of 
preoperative pain= 85% 

Return to 
preoperative sporting and 

leisure activities= 85%

Domb et al.34

capsular plication (100%), labral repair (95%), 
selective debridement (5%), minimal rim 

decortication only (86%), LT debridement 
(57%), iliopsoaas fractional lengthening (52%), 
femoroplasty (52%), limited acetabular chon-

droplasty (29%), loose body removal (9.5%), 
trochanteric bursectomy (5%)

mHHS, 
NAHS, 

HOS-SSS, 
VAS, and 

patient 
satisfaction

mHHS= 70.3, 
HOS-SSS= 52.1, 

NAHS= 68.3, 
VAS= 5.6

mHHS= 85.9, 
HOS-SSS= 70.8, 

NAHS= 87.3, 
VAS= 1.8

HOOS, Hip disability Osteoarthritis Outcome Score; HOS-ADL, Hip Outcome Score–Activities of Daily Living; HOS-SSS, Hip Outcome Score–
Sports Specific Subscale; LT- ligamentum teres, LCEA, lateral center edge angle; mHHS, modified Harris Hip Score; NA, not available; NR, not 
reported; NAHS, Nonarthritic Hip Score; PRO, patient-reported outcome; SF-36, 36-item short form; THA, total hip arthroplasty; VAS, visual 
analog scale; WOMAC, Western Ontario and McMaster Osteoarthritis Index.
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After a comprehensive literature review, we identified 
13 studies that met our inclusion and exclusion criteria 
pertaining to hip arthroscopy for the treatment of BHD. 
In contrast, we did not identify any studies with acetabular 
reorienting osteotomies for BHD. This finding likely indi-
cates that open procedures for BHD are rarely performed. 
Additionally, this may also reflect the limited number of 
hip preservation surgeons trained to perform osteotomy 
compared to arthroscopy, and/or hesitancy to indicate 
open procedures for BHD as initial treatment thereby 
reserving this procedure for those who fail arthroscopic 
repair. In total, 505 patients (mean age 29.6 years, 67.7% 
female) with borderline dysplasia (mean LCEA 22.3°) 
were treated with hip arthroscopy and followed for a mean 
of 35.6 months. The majority of studies reported outcomes 
using the modified Harris Hip Score (mHHS) and Hip 
Outcome Score Sports Specific Subscale (HOS-SSS); and 
nearly all showed post-operative improvement which met 
the threshold of established MCID. Revision arthroscopy 
rate was 7.5% (31/412), and a total hip arthroplasty con-
version rate was 4.0% (18/455).  The average combined 
total reoperation rate was 13.7% (69/505).

All of the studies included PROs, however use of in-
dividual PRO instruments varied widely, making direct 
comparison of outcomes challenging and difficult to 
interpret. It is clear that unified use of PRO instruments 
would improve hip preservation research. The mHHS 
and HOS were most frequently cited, whereas, some 
studies provided qualitative data on return to sport and 

resolution of pre-operative pain. All studies except one,30 
reported postoperative improvement in PROs. Matsuda et 
al. reported on 8 patients with an average follow-up of 24 
months; preoperative NAHS score was 52.88, and 52.13 at 
24 months.30 Their study population had several charac-
teristics that likely pre-disposed it to inferior outcomes 
including average preoperative LCEA of 19, the lowest 
average of our included studies, as well as the highest 
average patient age at 49.6 years.30 The mean age across 
all studies included was  29.6 years. These hips may have 
had a greater burden of preoperative osteoarthritis and 
chondrolabral pathology; accordingly, they also had the 
highest percentage of patients undergoing labral debride-
ment (50%) compared to repair (50%).  

The substantial variation in type of arthroscopic 
procedure(s) performed for BHD also implies a continued 
uncertainty in how to treat this condition. We encountered 
labral repair, debridement, and reconstruction, bony pro-
cedures including femoroplasty, rim decompression, and 
chondroplasty, iliopsoas lengthening, ligamentum teres 
debridement, loose body removal, microfracture, trochan-
teric bursectomy, iliotibial (IT) band release and a large 
variety of capsular procedures including decompression, 
plication, or simple closure. The labrum was consistently 
repaired in some studies,28,29 and intermittently addressed 
in others,30,31 for an average rate of repair of 76.9%. The 
majority of studies did not provide subanalysis of clinical 
outcomes by type of arthroscopic procedure, and denotes 
a serious paucity in hip preservation research that needs 

Table 3. Revision Hip Arthroscopy or Conversion to Total Hip Arthroplasty

Study

Revision 
Arthroscopy, 

n (%)

Mean Time to 
Revision Arthroscopy, 

months

Total Conversions to 
Total Hip Arthroplasty,

n (%)

Mean Time to 
Conversion to Total Hip 

Arthroplasty, yr

Domb et al.31 2 (9) 17.5 0 Not Reported

Chandrasekaran et al.3 6 (11) Range: 4.07 to 50.2 0 Not Reported

Evans et al.30 0 Not Reported 0 Not Reported

Nawabi et al.29 2 (4) 16.7 0 Not Reported

Fukui et al.25 7 (7) 24 5 (5) 2 (range: 0.85- 4)

Matsuda et al.27 0 Not Reported 2 (25) Not Reported

Hatakeyama et al.26 2 (4) Not Reported 7 (16) Not Reported

Kalore and Jiranek28 Not Reported Not Reported Not Reported Not Reported

Grammatopoulos et al.41 Not Reported Not Reported 4 (10.4) Not Reported

Chaharbakhshi et al.33 6 (15) 19.4 (range: 1.8-48.1) 3 (7.5) 3.5 (range: 1.4-5.2)

Cetanovich et al.32 1 (3%) Not Reported 0 Not Reported

McCarthy et al.44 1 (5%) Not Reported 2 (10) Not Reported

Domb et al.34 4 (19%) 25.1 (range: 4.1-50.1) 0 Not Reported
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to be improved upon in future studies. 
Biomechanical and clinical reports support the use of 

capsular repair or plication for borderline dysplasia; all 
studies performed capsular plication except for Matsuda 
et al. and Grammatopoulous et al..30,44 These studies re-
ported a 25% (2/8) and 9.3% (4/43) rate of conversion to 
THA, respectively, both of which were higher than the 
average conversion to THA in this study (4%). 

Several studies specifically evaluated risk factors for 
failure with arthroscopy in BDH. Hatakeyama et al. found 
preoperative age >42 years, disruption of Shenton’s line, 
osteoarthritis, Tonnis angle ≥15, and LCEA ≤17 predictive 
of failure defined as revision surgery.29 Intraoperative 
predictors were severe acetabular chondral damage and 
femoral chondral damage of any severity.29 Kalore et al. 
reported outcomes in 50 BHD patients, including 25 with 
labral debridement and 25 with labral repair; labral re-
pair was associated with lower revision rates that labral 
debridement; both cohorts had poorer outcomes, however, 
than hips without dysplasia  (LCEA >25).31 This is con-
sistent with prior studies which report inferior outcomes 
with labral debridement in hips with LCEA <25.41,45 

Revision arthroscopy rate was 7.5% (31/412), and 
conversion rate to arthroplasty was 4.0% (18/455), for a  
combined total reoperation rate of 13.7% (69/505). This 
rate is much higher than reported for patients with 
normal acetabular coverage, with rates ranging from 3.6 
to 7.5% in patients undergoing hip arthroscopy for FAI 
.46 Due to the heterogeneous nature of the arthroscopic 
procedures reported, this statistic alone provides little 
insight; instead we recommend evaluation of studies 
which report outcomes for specific procedures, such as 
labral repair with capsular closure, which demonstrated 
comparable results in several studies.34,28

Limitations
This study had several notable limitations. The body 

of literature in BHD patients is limited. We found no stud-
ies in BHD patients meeting our inclusion and exclusion 
criteria reporting on results of open procedures such as 
PAO. Therefore, a comparison could not be made between 
open and arthroscopic procedures in these patients. Due 
to the paucity of studies in BHD patients, we included 
studies with short follow-up (≥ 1 year), small cohorts (≥5 
patients), and retrospective design corresponding to low 
levels of evidence (all with level III or IV). 

The analysis of this systematic review was limited by 
the inconsistent patient reported outcomes across studies. 
Further, the type of arthroscopic procedures varied, as 
well as the patient baseline demographics including age, 
and length of follow-up. Therefore, determination of fac-
tors affecting outcomes could not be adequately assessed 
across studies. 

CONCLUSION
Arthroscopic management of BHD is associated with 

meaningful improvement in PRO scores, despite signifi-
cant variation in specific procedures performed. However, 
studies report a high rate of revision arthroscopy or 
subsequent open procedures. No studies on PAO or other 
open procedures were able to be included within the date 
range searched. These findings speak to the paucity of 
outcomes data for patients with BHD, and a need for more 
robust studies on both specific arthroscopic techniques 
and open procedures.
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ABSTRACT
Background: Metacarpal and phalanx fractures 

are common among professional athletes. There 
is a paucity of data to guide team physicians on 
expected return to play after hand fractures. The 
purpose of this study was to examine the epidemi-
ology and return to play times after hand fractures 
in NCAA athletes. We hypothesized that surgical 
management of fractures may expedite return to 
play times.

Methods: The NCAA Injury Surveillance Pro-
gram database was queried for metacarpal and 
phalanx fractures during the 2009-2014 seasons 
in all sports. Injury rates per 100,000 athlete-
exposures (AEs) were calculated. Student’s t-test, 
Wilcoxon Rank sum tests, Chi-Squared tests, and 
Fisher Exact Test were used. Statistical significance 
was set to p<0.05.

Results: Sports with the highest rates of phalanx 
and metacarpal fractures included Men’s Football, 
Men’s Ice Hockey, Men’s Wrestling, and Women’s 
Field Hockey. Multiple sports had participants with 
no hand fractures over the study period. Male stu-
dent-athletes with metacarpal fractures treated op-
eratively returned to play at a mean of 31.8±29.4 
days versus 13.8±23.6 days for those treated 
non-operatively. 92% of male student-athletes were 
able to return to sport in the same season without 
operative management versus 67% with operative 
management. Female student-athletes had a co-
hort too small for statistical analysis.  Return to 
play times for male student-athletes with phalanx 
fractures were not significantly different between 
operative and non-operative groups (16.1±21.5 
days versus 7.1±13.3 days). 

Conclusions: Hand fractures are relatively com-
mon among NCAA student-athletes participating in 

contact sports. Student-athletes with metacarpal 
fractures returned to play at an average of 2-4 
weeks after injury; those with phalanx fractures 
returned at an average of 1-2 weeks. The return to 
play times illustrated within this study can be used 
to counsel athletes, athletic trainers, and coaches.

Level of evidence: IV
Keywords: hand, fracture, athlete, NCAA, epi-

demiology 

INTRODUCTION
Fractures of the phalanges and metacarpals of the 

hand are common among athletes,1-9 particularly among 
male athletes who participate in contact sports.1,3,5,6,8,9 
Recent data estimate that 54% of sports-related hand 
injuries involve the phalanges, and 34% involve the meta-
carpals.1 Sports-related hand fractures may be managed 
non-operatively with splints or protective casts in the 
vast majority of  patients (estimated 80–90% of cases).1,5-9  
Non-operative management was originally thought to 
allow athletes to return to sport with little time-loss and 
without the risk of complications of wound healing or 
development of tendon or joint adhesion that may follow 
operative fixation of metacarpal and phalanx fractures. 
5,6,9 Recent studies suggest that operative fixation of 
metacarpal fractures in athletes has increased over time, 
from an estimated 5–10% of cases in 20039 to upwards 
of 20% in 2014.7 Stern10 and Fufa et al.5 have also made 
note of the recent increase in procedures available for 
metacarpal fracture fixation. 

Current literature surrounding operative fixation of 
metacarpal and phalanx fractures is dichotomous. There 
are multiple studies5,6,8,11 suggesting  that open reduction 
and internal fixation (ORIF) of metacarpal fractures may 
provide increased fracture stability relative to a splint or 
cast, thereby allowing for earlier range of motion at the 
surrounding joints, decreased joint stiffness, and ulti-
mately, a reduction in time-loss from sport participation. 
Other studies have suggested the opposite, demonstrat-
ing increased time-loss following operative management 
of metacarpal and phalanx fractures.12

There has been minimal investigation into the 
epidemiology of hand fractures and time-loss following 
fractures of the phalanges and metacarpals in National 
Collegiate Athletic Association (NCAA) student-athletes. 
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There is a paucity of data to guide NCAA team physi-
cians on expected time-loss and return to play after 
hand fractures treated operatively or non-operatively. 
The purpose of this study was to examine the epidemiol-
ogy and return to play time frames after hand fractures 
in NCAA student-athletes. We hypothesized that rates 
of hand fractures would be higher amongst student-
athletes participating in contact sports. Additionally, we 
hypothesized that surgical management of phalanx and 
metacarpal fractures may shorten time-loss and expedite 
return to play.

METHODS
The study was approved by the Institutional Review 

Board at our institution, as well as by the NCAA. The 
NCAA Injury Surveillance Program database was que-
ried for metacarpal, phalanx, and volar plate/avulsion 
fractures during the 2009–2010 to 2013–2014 academic 
years in all available contact and non-contact sports. 
Game and practice scenarios were queried. The NCAA 
Injury Surveillance Program (ISP) is a prospectively 
collected injury surveillance database managed by the 
Datalys Center for Sports Injury and Prevention. The 
methodology of the NCAA-ISP has been previously de-
scribed.13-15 Data collected before the 2009 season were 
available in the NCAA-ISP but were not utilized in this 
study due to methodological differences in collection 
methods that had the potential to bias analysis of return 
to sport rates and times.13-15

Data Collection 
The NCAA-ISP collects data from over 150 national 

colleges and universities that field collegiate athletic 
teams at the Division I–III levels. Data are collected and 
reported to the NCAA-ISP by certified Athletic Train-
ers (ATs) at participating institutions that are present 
during school-sanctioned games and practices.13-15 Such 
data is collected at the time of the injury.19 Data that is 
reported by the ATs includes exposure variables for all 
athletes participating in each respective event and injury 
variables for athletes that sustained an injury during each 
respective event. Additionally, ATs are able to return to 
records for the purposes of updating them as needed, 
i.e., if an athlete were to return to full participation af-
ter undergoing treatment for an injury.19 The validation 
process for data accepted into the NCAA-ISP has been 
described in detail in previous studies. 13-15

The database was queried for exposure and injury 
variables pertaining to all available metacarpal, phalanx, 
and volar plate fractures in all available sports: Men’s 
Baseball (BA-M), Men’s and Women’s Basketball (BB-M, 
BB-W), Men’s and Women’s Cross Country (CC-M, CC-
W), Men’s Football (FB-M), Women’s Field Hockey (FH-
W), Women’s Gymnastics (GY-W), Men’s and Women’s 

Ice Hockey (IH-M, IH-W), Men’s and Women’s Lacrosse 
(LX-M, LX-W), Women’s Softball (SB-W), Men’s and 
Women’s Soccer (SO-M, SO-W), Men’s and Women’s 
Swimming (SW-M, SW-W), Men’s and Women’s Tennis 
(TE-M, TE-W), Men’s and Women’s Indoor Track (IT-
M, IT-W), Men’s and Women’s Outdoor Track (OT-M, 
OT-W), Women’s Volleyball (VB-W), and Men’s Wres-
tling (WR-M). Exposure variables queried included the 
academic year (season) and sport in which the athlete 
was participating. Injury variables collected included the 
academic year (season) and sport in which the injury 
occurred, number of days lost from participation due to 
the injury, if participant returned to play within the same 
season, type of injury (discussed below), and if surgery 
resulted from injury. 

Definitions
Hand fractures were defined as metacarpal fractures 

of the fingers and thumb, phalanx fractures of the fingers 
and thumb, and volar plate/avulsion fractures of fingers. 
Return to sport was defined as a continuous variable, 
ranging from 0 days (no time lost from participation) 
to being out of participation for the remainder of the 
season. Return to sport within the same season as injury 
was defined as a binary yes or no variable.  An athlete 
exposure was defined as one student-athlete’s participa-
tion in a game or practice event in which he or she was 
exposed to potential injury. 

Statistical Analysis 
Injury rates per 100,000 athlete-exposures (AEs) and 

return to play times for athletes treated with operative 
and non-operative management of the above fractures 
were calculated. Student’s t-test and Wilcoxon Rank sum 
tests were used for continuous variable and Chi-Squared 
tests and Fisher Exact Test were used for categorical 
variables to determine significance, set to p<0.05.

RESULTS
Epidemiology and Rates of Hand Fractures 

From the 2009–2010 to 2013–2014 seasons, 288 
hand fractures (225 men, 63 women) were reported 
in NCAA athletes in 3,739,004 AEs [Table 1]. Sports 
with the highest rate of hand fractures were Men’s Ice 

Table 1. Epidemiology of Hand Fractures in 
NCAA Athletes

Metacarpal Phalanx Volar 
Plate/

Avulsion

All 
FracturesFinger Thumb Finger Thumb

Male 83 27 83 25 7 225

Female 16 3 32 10 2 63

Total 99 30 115 35 9 288
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Hockey, Men’s Football, and Men’s Wrestling [Table 
2]. Participants in Men’s and Women’s Cross Country, 
Women’s Swimming, Men’s and Women’s Tennis, Men’s 
Indoor Track, and Men’s and Women’s Outdoor Track 
had no reported hand fractures during the 2009–2010 
to 2013–2014 seasons. Sports with the highest rates of 
phalanx fractures were Men’s Ice Hockey, Women’s 
Field Hockey, and Men’s Baseball [Table 2]. Sports 
with the highest rate of metacarpal fractures were Men’s 
Wrestling, Men’s Football, and Men’s Basketball [Table 
2]. Sports with the highest rate of volar plate/avulsion 
fractures were Women’s Ice Hockey, Men’s Wrestling, 
and Men’s Soccer [Table 2].

Time-Loss and Rates of Return to Sport
Of the 288 hand fractures reported, 225 (78.1%) oc-

curred in male student-athletes; 110 of these fractures 
were metacarpal fractures, 108 were phalanx fractures, 
and 7 were volar plate/avulsion fractures. Overall, 181 
of these fractures had data pertaining to time-loss avail-
able. Rates of operative treatment and time-loss in male 
student-athletes are demonstrated in Table 3. Female 
student athletes had 63 (21.9%) reported hand fractures; 
19 of these fractures were metacarpal fractures, 42 were 
phalanx fractures, and 2 were volar plate/avulsion frac-
tures. In total, 45 of these fractures had data pertaining 
to time-loss available. Rates of operative treatment and 
time-loss for female student-athletes are demonstrated 
in Table 4.

Examining metacarpal fractures of the thumb in 

male student athletes, 19 fractures had time-loss data 
available; 12 of 19 (63.2%) were treated non-operatively, 
and 7 of 19 (36.8%) were treated operatively. Fractures 
treated non-operatively returned at a mean of 22.6±41.9 
days (median, 4.0 days; range, 0–148.0 days); those 
treated operatively returned at a mean of 27.3±30.7 days 
(median, 23.0 days; range, 0–87 days) (p=0.55). Data of 
return to sport within the same season was available for 
24 fractures of the thumb. Male student-athletes were 
able to return at similar rates, with 13 of 15 (86.7%) and 
7 of 9 (77.8%) metacarpal thumb fractures treated non-
operatively and operatively were able to return in the 
same season, respectively (p=0.62).

Rates of return to sport in the same season for 
metacarpal and phalanx fractures in male and female 
student-athletes are demonstrated in Table 5. 

Male student-athletes sustained 7 volar plate/avul-
sion fractures, while female student-athletes sustained 
2 of these fractures. All 9 volar plate/avulsion fractures 
were treated non-operatively. Only 5 fractures in male 
student-athletes had time-loss data available. The mean 
time-loss for male student-athletes was 0.2 days (range, 
0–1 days), and the mean for female student athletes was 
2.0 days (range, 1–3 days). All (9 of 9) male and female 
student-athletes that sustained volar plate/avulsion inju-
ries returned to sport in the same season.

DISCUSSION
Hand fractures are relatively common among NCAA 

student-athletes, with an incidence of 4.90 injuries per 

Table 2. Rates of Hand Fractures by Sport 

Sport Metacarpal Phalanx Volar Plate/
Avulsion

Rate* 95% CI Rate* 95% CI Rate* 95% CI
BA-M 1.69 (1.68, 1.69) 6.18 (6.17, 6.19) 0.56 (0.56, 0.57)
BB-M 4.17 (4.16, 4.18) 1.85 (1.85, 1.86) 0.00 --
BB-W 1.54 (1.53, 1.55) 4.62 (4.61, 4.63) 0.00 --
FB-M 5.12 (5.11, 5.12) 3.23 (3.22, 3.23) 0.45 (0.44, 0.45)
GY-W 2.21 (2.19, 2.22) 0.00 -- 0.00 --
FH-W 0.00 -- 10.73 (10.70, 10.76) 0.00 --
IH-M 3.89 (3.88, 3.89) 12.01 (12.00, 12.02) 0.00 --
IH-W 1.77 (1.76, 1.78) 0.88 (0.88, 0.89) 1.77 (1.76, 1.78)
LX-M 3.74 (3.73, 3.75) 1.25 (1.24, 1.25) 0.00 --
LX-W 0.00 -- 1.89 (1.89, 1.90) 0.00 --
SB-W 1.86 (1.85, 1.87) 4.34 (4.33, 4.35) 0.00 --
SO-M 1.88 (1.87, 1.89) 1.88 (1.87, 1.89) 0.63 (0.62, 0.63)
SO-W 2.78 (2.77, 2.79) 1.85 (1.85, 1.86) 0.00 --
SW-M 0.00 -- 1.03 (1.03, 1.04) 0.00 --
IT-W 0.00 -- 0.99 (0.98, 0.99) 0.00 --
VB-W 0.64 (0.63, 0.64) 2.55 (2.54, 2.56) 0.00 --
WR-M 6.35 (6.33, 6.37) 1.27 (1.26, 1.28) 1.27 (1.26, 1.28)

*Rate of respective fracture per 100,000 AE’s. Sports with no fractures are omitted from the table. CI - confidence interval; M - mens’s; 
W - women’s; BA - baseball; BB - basketball; FB - football; GY - gymnastics; FH - field hockey; IH - ice hockey; LX - lacrosse; SB - softball; 
SO - soccer; SW - swimming; IT - indoor track; VB - volleyball; WR - wrestling
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100,000 AEs (range, 0.00–21.19 injuries/100,000 AEs) 
across all sports combined. However, there is a large 
degree of sport-to-sport and gender variation. Student-
athletes participating in contact sports, such as ice 
hockey, football, and wrestling, as well as sports that 
may involve some degree of incidental contact with 
other players or apparatuses, such as basketball and field 
hockey, had a higher incidence of hand fractures relative 
to student-athletes participating in non-contact sports. 
Additionally, some sports (Men’s and Women’s Cross 
Country, Women’s Swimming, Men’s and Women’s 
Tennis, Men’s Indoor Track, and Men’s and Women’s 
Outdoor Track) had participants with no hand fractures 
over the five seasons of study. Male student-athletes 
participating in basketball and ice hockey experienced 
higher rates of metacarpal and phalangeal fractures rela-
tive to their female counterparts; however, rates of hand 
fractures in the remaining sports were similar between 
genders. These findings are in contrast to prior stud-
ies that have demonstrated an increased rate of hand 
fractures in male athletes relative to female athletes.7,11

In male student-athletes, we found a statistically sig-
nificant difference in return to play times in metacarpal 
fractures treated non-operatively relative to those treated 
operatively (13.8±23.6 days versus 31.8±29.4 days, respec-
tively). No significant difference was noted in return to 
play times in phalangeal fractures treated operatively 
and non-operatively. Currently, there is no consensus 
regarding treatment modality and early return to play 
times in metacarpal and phalangeal fractures.5,6,8,11,12 For 
stable metacarpal and phalangeal fractures, non-operative 
management in well-padded cast or splint with return 
to play as tolerated has been demonstrated to be an ef-

fective and relatively ubiquitous treatment option.1,5,16,17 
However, operative fixation of metacarpal and phalangeal 
fractures in athletes has been increasing in popularity in 
recent years.5,9,16,18 Morgan et al.16 and Capo et al.18 sug-
gested that ORIF of unstable metacarpal fractures may 
allow rigid fixation leading to earlier return to play rela-
tive to non-operative management for a similarly unstable 
fracture. Additional studies have further supported this 
suggestion.5,19 However, there has been a recent trend 
towards consideration of ORIF for any metacarpal or 
phalangeal fracture in contact sports athletes, stability 
notwithstanding.6,7 Geissler and McCraney19 described 
ORIF of metacarpal fracture using a cage plate, followed 
by return to play in a protective splint 1–2 weeks after 
surgery. A series of 8 patients has been described using 
this technique, with adequate fracture healing achieved 
in all patients.6 Kodama et al.7 described a series of 20 
athletes with metacarpal and phalangeal fractures who 
underwent ORIF with plate and/or screw fixation and 
who were allowed to return to full-sport participation 
2 weeks following surgery. All 20 patients went on to 
radiographic union within 3 months. A recent review by 
Fufa et al.5 discussed aiming for athlete return to play at 
2–3 weeks following ORIF of a metacarpal shaft fracture. 

The metacarpal of the thumb has greater range of mo-
tion relative to metacarpals of the other digits. As such, 
larger deformity in metacarpal fractures may be toler-
ated without a loss of function.5,6 However, intra-articular 
fractures of the thumb metacarpal, including Bennett 
and Rolando fractures, often require extended periods 
of immobilization and delays in return to sport relative 
to fractures of the base of non-thumb metacarpals. In the 
present study, there was no difference in time or rate 

Table 3. (a-b) – Rates of Operative Treatment and Time-loss in Male Student-Athletes
a. Metacarpal fractures of the fingers

Time-loss (days)
n Mean SD Median Range

Non-operative 67 13.8 23.6 3.0 0.0-148.0
Operative 12 31.8 29.4 25.0 0.0-87.0

p=0.02, statistically significant. SD – standard deviation. 

Table 4. (a-b) – Rates of Operative Treatment and Time-loss in Female Student-Athletes
a. Metacarpal fractures

Time-loss (days)
n Mean SD Median Range

Non-operative 12 16.7 17.0 16.5 0.0-42.0
Operative 3 50.0 73.9 14.0 1.0-135.0

No statistical analysis perfomed secondary to small sample 
size. SD – standard deviation. 

b. Phalanx fractures

Time-loss (days)
n Mean SD Median Range

Non-operative 89 7.1 13.3 0.0 0.0-66.0
Operative 8 16.1 21.5 4.5 0.0-57.0

p=0.17, no significant difference between groups. SD – standard 
deviation.

b. Phalanx fractures

Time-loss (days)
n Mean SD Median Range

Non-operative 27 4.3 9.0 0.0 0.0-39.0
Operative 1 0.0 0.0 0.0 0.0-0.0

No statistical analysis perfomed secondary to small sample size.    
SD – standard deviation. 



Volume 39 Issue 2  53

Descriptive Epidemiology and Return to Sport after Hand Fractures in NCAA Athletes

of return to sport within the same season between op-
eratively and non-operatively treated thumb metacarpal 
fractures. Metacarpal fractures of the thumb did have a 
higher rate of operative fixation relative to non-thumb 
metacarpal fractures (37% versus 15%); however, this 
comparison is significantly limited by a small cohort of 
thumb metacarpal fractures. Because of this, no statisti-
cal analysis between the groups was performed, and we 
report only descriptive statistics. Additionally, without 
data on individual fractures, the contribution of each of 
these phenomena on the effect of return to play rates 
and times in thumb metacarpal fractures is unknown. 

Treatment of hand fractures is largely contingent on 
injury and patient-specific factors, including fracture pat-
tern, fracture stability, athlete handedness, and athlete 
sport. No information regarding fracture pattern and 
fracture stability is available in the NCAA-ISP database, 
and is therefore not included in this study. As such, the 
effect of fracture type and stability on return to play 
time in this study is unknown, but it is thought to be 
significant. Additional studies examining the influence 
of fracture characteristics on return to play are needed 
before specific treatment recommendations can be made.

Rates of return to play within the same season also 
warrant consideration when making treatment deci-
sions regarding metacarpal and phalangeal fractures in 
student-athletes. The present study found that 93% of 
male student-athletes with metacarpal fractures treated 
non-operatively were able to return to play in the same 
season versus 67% of those treated with operative man-
agement; this difference was statistically significant. A 
difference in rates of return to play within the same 
season was not seen in phalangeal fractures in male 
student-athletes. As noted previously, selection bias in 
the form of more severe injuries being selected for surgi-
cal management is likely to contribute to this disparity. 
However, a recent study by Bannasch et al.20 showed a 
complication rate of 15% following ORIF of metacarpal 
and phalangeal fractures. These complications, in tan-
dem with the aforementioned selection bias, may con-
tribute to lower rates of return to play within the same 
season seen in metacarpal fractures treated with ORIF 
relative to fractures treated non-operatively. Common 
complications with ORIF of metacarpal fractures include 

metacarpophalangeal joint stiffness, implant dissociation, 
non-union, and need for additional surgery.3,9,20

There are several limitations to this study. First, this 
was a retrospective study utilizing data from multiple 
institutions, thereby making data vulnerable to inac-
curacies in data collection. Sample sizes were relatively 
limited, especially in regards to metacarpal fractures of 
the thumb. This study did not include any data regarding 
an index of fracture severity or stability as noted previ-
ously. Further, there may be a treatment bias present 
in the current study design, as the worst fractures may 
have been treated operatively. Injury severity, therefore, 
may be a confounder contributing to increased return 
to play rates after operative management. The impact 
on handedness and the methods of stabilization in the 
non-operative groups could not be assessed. Recommen-
dations regarding return to play following treatment of 
metacarpal and phalangeal fractures are physician-depen-
dent and likely to be highly variable, and such variation 
may have a direct influence on the study results. 

CONCLUSION
This study demonstrates that hand fractures are rela-

tively common among NCAA student-athletes participat-
ing in contact sports. Student-athletes with metacarpal 
fractures returned to play at an average of 2-4 weeks 
after injury; those with phalanx fractures returned at an 
average of 1-2 weeks. Additional studies examining the 
influence of fracture characteristics on return to play 
are needed before specific treatment recommendations 
can be made.
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ABSTRACT
Background: To compare functional and radio-

graphic outcomes of radius fractures distal to the 
watershed line treated with variable-angle volar 
rim locking compression plates (VA-LCP) with 
traditional fixed-angle volar rim locking compres-
sion plates (FA-LCP).

Methods: A retrospective review of patients 
who underwent open reduction and internal fixa-
tion (ORIF) using either VA-LCP (19 wrists) or 
traditional fixation with FA-LCP (28 wrists). The 
average follow-up period was 14.5 months (range 
11-16 months) for the VA-LCP group and 15.8 
months (range 12-18 months) for the FA-LCP 
group. Clinical outcomes were evaluated using the 
Modified Mayo wrist score (MMWS), Disabilities of 
the Arm, Shoulder, and Hand (DASH) score, wrist 
range of motion (ROM) and grip strength relative 
to the uninjured side, and signs of flexor tendon 
irritation. Radiographic evaluation included radial 
height, radial inclination, volar tilt, and volar tear 
drop angle. All outcomes were assessed at 3, 6, 
and 12 months postoperatively.

Results: MMWS and DASH scores improved 
with time postoperatively in both groups. Relative 
ROM was improved in VA-LCP compared to the 
FA-LCP at 12 months. VA-LCP was associated with 
a decreased incidence of flexor tendon irritation 
compared to FA-LCP. VA-LCP also better held the 
volar tilt reduction compared the FA-LCP.

Conclusion: VA-LCP shows improved clinical 
and radiographic outcomes throughout the follow 
up period when compared to traditional fixation. 
VA-LCP may be an effective alternative to tradi-
tional fixation methods to treat radius fractures 
distal to the watershed line.

Keywords: distal radius fracture, volar rim plate, 
wrist surgery, treatment outcomes 

INTRODUCTION
The application of a volar buttress plate in open 

reduction and internal fixation (ORIF) for distal radius 
fractures provides both construct stability and recovery 
of wrist function.1 A subset of distal radius fractures 
may propagate distal to the watershed line and involve 
the volar rim. These fractures have challenged current 
indications for fixed-angle plates.2 The most distal end of 
the radius is relatively flat with a volarly sloped lip that 
forms the lunate facet. The geometry of the lunate facet 
causes it to be inadequately supported by conventional 
fixation techniques, which may result in a loss of reduc-
tion. Sufficient stabilization by buttressing this fragment 
requires placement of conventional volar locked plates 
distal to the watershed region. This far distal fixation 
strategy leads to plate prominence that may cause flexor 
tendon irritation. Furthermore, positioning these fixed 
angle devices far distally may also lead to inadvertent 
wrist joint penetration by distally directed screws.3

Various methods and techniques have been applied 
to stabilize these fractures such as tension band wires, 
distal buttress plates, and external fixators.4-6 However, 
there is no consensus on the optimal fixation strategy.7,8 
A variable-angle volar rim locking compression plate 
system (VA-LCP; Depuy-Synthes, West Chester, PA) was 
designed to be placed distal to the watershed line with a 
low profile contour to prevent flexor tendon irritation. 
The VA-LCP system also has 15o off axis variable angle 
screws that may assist in avoiding penetrating the wrist 
joint. Furthermore, VA-LCP has distal radial and ulnar 
“teardrop” holes that may be used to augment fixation 
of the radial styloid, lunate facet, and distal radial-ulnar 
joint (Figure 1). However, there is a paucity of literature 
examining the outcomes using VA-LCP fixation for distal 
radius fractures involving the volar rim. The purpose of 
this study is to compare functional and radiographic out-
comes of VA-LCP to traditional fixation strategies with 
fixed angle volar locking compression plates (FA-LCP). 

METHODS
We conducted a retrospective review of a consecutive 

series of patients with an intra-articular distal radius 
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fracture that extended distal to the volar rim who un-
derwent ORIF with a VA-LCP or FA-LCP system at a 
single institution between January and October 2015. 
Institutional review board approval was obtained for this 
study. All patients during this period had preoperative 
radiographs and computed tomography (CT) imaging of 
the wrist joint. Patients were included if their fracture 
pattern was an Orthopaedic Trauma Association (OTA) 
Type-B3 or Type-C fracture, which were distal radius 
fractures that extended distal to the watershed region. 
Patients were excluded from the study if they were less 
than eighteen years old, had an open fracture, or had 
all fracture fragments smaller than three millimeters 
(mm) in size. Forty-seven patients were identified who 
met these criteria including 19 patients (19 wrists) who 
underwent ORIF with VA-LCP and 28 patients (28 wrists) 
with FA-LCP. 

All patients underwent an extended volar approach of 
the distal radius to enable adequate visualization of the 
cortical rim of the distal radius.9 Distal fracture fragments 
were reconstructed using the volar cortical bone of the 
middle column of the distal radius as a point of reference. 
Kirschner wires (K-wires) were utilized for provisional 
fixation to hold the reduction. In the FA-LCP group, a 
conventional volar locking plate was positioned as far 
distally to stabilize the VMF. Auxiliary K-wires were 
added to augment fixation if stability was inadequate. In 
the VA-LCP group, a 2.4 mm VA-LCP low profile plating 
system was positioned straddling the watershed line, and 
held preliminarily in place with a K-wire in the distal 
end of the plate. The distal variable angle screws were 
placed as a “row of nails” to raft and support the articular 
surface. Additional variable angle locking screws were 

placed in the radial and ulnar distal “teardrop” holes to 
augment fixation (Figure 2). After fixation in both groups, 
the reduction and hardware position were checked with 
fluoroscopy. Stability was assessed with passive wrist 
range of motion (ROM) and stress examination by load-
ing the lunate facet. Patients in the FA-LCP group were 
immobilized with a plaster splint for six weeks before 
initiating rehabilitation. Patients in VA-LCP group wore 
a wrist brace for one week and then started gradual re-
habilitation thereafter. 

All the patients were routinely evaluated during the 
first month after surgery. Patients were also assessed 
at three, six, and twelve months postoperatively with 
functional outcome measures and radiographic imaging. 
Patient reported functional outcomes were assessed using 
the modified Mayo wrist score (MMWS) and the disabili-
ties of the arm, shoulder and hand (DASH) score.10,11 Wrist 
ROM and grip strength were recorded as a percentage of 
the contralateral extremity’s function.12 Postoperative 
complications including numbness, pain, and discomfort 
during ROM or grip strength evaluation were also noted. 
Tendon irritation was defined as swelling or palpable 
crepitus during thumb and finger flexion and exten-
sion. Anterior-posterior and lateral wrist radiographs 
were used to assess interval healing and maintenance of 
reduction. Postoperative CTs were obtained when neces-
sary based upon surgeon preference. Radiographs were 

Figure 1. Variable angle locking compression plate for fragment-
specific fracture fixation of fractures distal to the watershed line of the 
radius. (a) The pre-contoured variable angle volar rim plate (VA-LCP); 
(b) A 2.4 mm cortex screw and two 2.4 mm variable angle screws; 
(c) Low profile of the plate with holes allow up to 15° off-axis screw 
angulation in all directions.

Figure 2. Radiograph obtained pre-operatively and two days post-
operatively in a 49-year-old woman who had undergone ORIF using 
a VA-LCP. (a) Pre-operative images demonstrate an intra-articular 
distal volar marginal rim fracture with extension into the dorsal 
surface; (b) Postoperative images after ORIF with VA-LCP.
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reviewed by independent radiologists to measure radial 
inclination and height, volar tilt angle, and volar teardrop 
angle using previously described methods.13,14 Statistical 
analysis was performed using SPSS version 18.1. Student 
t-test and chi-square test were used for data analysis. 
Statistical significance was set at p=0.05.

RESULTS
In the VA-LCP group, there were 19 patients (4 male, 

15 female) with an average age of 52.9 years (range 42-
65 years). The patients’ dominant wrists were involved 
in 47.4% (9/19) of the injuries. Average time between 
injury and surgery was 2.8 days (range 2-5 days). The 
average postoperative follow-up period was 14.5 months 
(range 11–16 months). In the FA-LCP group, there were 
28 patients (6 male, 22 female) with an average age 
of 53.5 years (range 39-66 years). 42.9% (12/28) of the 
injuries involved the patient’s dominant wrist. Average 
time between injury and surgery was 2.9 days (range 2-5 
days). The average postoperative follow-up period was 
15.8 months (range 12–18 months) (Table 1).   

The results of MMWS and DASH scores throughout 
follow up are summarized in Table 2. The mean MMWS 
and DASH improved in both groups throughout follow 
up. All patients obtained a satisfactory outcome. The VA-
LCP group had significantly improved MMWS and DASH 
scores throughout follow up compared to the FA-LCP 
group. At three months follow up, the VA-LCP MMWS 
and DASH were 76.3±5.7 and 24.4±2.1 respectively. The 
FA-LCP group had an MMWS of 67.4±5.3 and DASH of 
31.7±2.9. The differences between these two groups at 
early follow up were significant (p = 0.02 for MMWS and 
p = 0.04 for DASH). Furthermore, the VA-LCP group con-
tinued to have significantly improved MMWS and DASH 
outcomes a latest follow up evaluation at 12 months with 
MMWS 93.8±4.8 and DASH 9.2±1.0 compared to FA-LCP 
with MMWS 83.5±3.8 and DASH 12.8±1.6 (p < 0.01 for 

MMWS and p = 0.02 for DASH). 
ROM showed recovery of 94.8% of flexion-extension 

and 93.8% of supination-pronation movements as com-
pared to the contralateral side in the VA-LCP group at 
12 months follow up (Figure 3). In contrast, the FA-LCP 
group recovered 82.8% of flexion-extension and of 84.5% 
supination-pronation movements compared to the con-
tralateral side at 12 months follow up. This difference in 
ROM was significantly different (p<0.01). Grip strength 
as relative to the contralateral side at 3 months follow 
up was 78.8% for the VA-LCP group and 75.7% for the 
FA-LCP group (p =0.03). At 12 months follow up percent 
grip strength was not different between groups (91.3% 
VA-LCP, 92.3% FA-LCP) (Figure 4). There was no soft 
tissue necrosis, infection, nerve palsy, vascular occlusion, 
or compartment syndrome observed in all patients. Two 
patients (2/19, 10.5%) in the VA-LCP group displayed 
flexor tendon irritation, but one of the two patients had 
their symptoms resolve within five days after their opera-
tion. Another patient complained of mild irritation while 
forcefully gripping, but their symptoms were not severe 
enough for the patient to elect to undergo removal of 
hardware. In the FA-LCP group, six patients (6/28, 21.4%) 
suffered from intermittent or persistent flexor tendon ir-
ritation. Two of these patients elected to undergo removal 
of hardware secondary to their symptoms. The incidence 
of flexor tendon irritation between the two groups was 
statistically significant (p=0.02).

Radiographic results showed a loss of reduction over 
the follow up period with decreases in radial inclination, 
radial height, and volar tilt in both groups between initial 
postoperative radiographs and 12 month follow up. There 
was a significant difference in volar tilt lost between the 
VA-LCP and FA-LCP groups at 3(p=0.01), 6(p=0.03) and 
12 month(p=0.02) follow up visits. The initial volar tilt 
measured postoperatively was 10.05 degrees and 9.86 
degrees in the VA-LCP and FA-LCP groups respectively. 

Table 1. Comparison of Patient Demographics Between Both Groups

Number of Patients Gender(Male/Female) Age(year) Dominant hand 
injured

Time between injury 
and surgery(day) 

VA-LCP 19 4M / 15F 52.9 (42-65) 9 2.8 (2-5)

FA-LCP 28 6M / 22F 53.5 (39-66) 12 2.9 (2-5)

p value - 0.77 0.74 0.73 0.89

Table 2. MMWS and DASH Functional Outcome Scores Over the 12 Month Follow Up Visit
3 Months 6 Months 12 Months

MMWS DASH MMWS DASH MMWS DASH

VA-LCP 76.3(70-85) 24.4(20-28) 93.3(80-100) 10.5(2-14) 93.8(85-100) 9.2(2-12)

FA-LCP 67.4(60-75) 31.7(25-34) 80.6(70-90) 14.1(8-20) 83.5(75-90) 12.8(6-18)

p value 0.02 0.04 <0.01 0.03 <0.01 0.02
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The latest follow up volar tilt was 8.37 degrees and 7.11 
degrees in the VA-LCP and FA-LCP groups respectively 
(p=0.02). There was no difference in radial height, radial 
inclination, and volar tear drop angles detected between 
groups at all time points (Figure 5).

DISCUSSION
Intra-articular distal radius fractures that involve the 

volar rim are challenging to manage. In these cases, it is 
paramount to restore the lunate facet as it is indispensable 
to maintain length, alignment, and stability of the wrist 
joint. Failure to stabilize the lunate facet may lead to 
carpal subluxation or dislocation.7,15 A volar marginal frag-
ment (VMF) may be either too small or too distal to the 
watershed line to be adequately supported with traditional 
fixation strategies.2 Although conventional volar locked 
plates may provide a stable reduction,16,17 the geometry of 
the lunate facet poses exceptional challenges. In order to 

support the entire volar surface effectively using conven-
tional locked plates, the plate must be placed distal to the 
watershed line, which may lead to tendon irritation and 
intra-articular screw penetration.18-20 Furthermore, loss of 
fixation of the lunate facet may still occur. Harness et al. 
reported loss of fixation of a volar lunate facet fragment 
with carpal dislocation in a series of seven patients with 
an average of 24-months of follow-up.15 The VA-LCP low 
profile plating system was designed to be placed distal to 
the watershed line with an anatomically pre-contoured 
geometry that allows supplemental fixation into the lu-
nate facet. Thus, the purpose of this study is to compare 
outcomes of VA-LCP to traditional fixation strategies 
with FA-LCP.

This study has several limitations. First, we recognize 
the limitations of our retrospective review. We had a lim-
ited number of patients with a relatively short follow-up 
period that may not capture long term outcomes including 

Figure 3. Clinical photographs demonstrating ROM of the 49-year-old female patient (Figure 2) at thirteen months postoperatively. Relative 
wrist flexion-extension (a) and supination-pronation (b) motion were near 100% compared with the contralateral side. (c) Incision demonstrat-
ing the successful treatment of her right-sided injury.

Figure 4. Relative range of motion and grip strength throughout the 12 month follow up period.  (a) Relative flexion-extension ROM (b) Rela-
tive supination-pronation ROM (c) Relative grip strength. *p<0.05 when comparing between the two groups.
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development of post traumatic osteoarthritis and flexor 
tendon rupture. Second, our differences in DASH scores 
throughout the follow up period, although statistically 
significant, were relatively small (<10 points). Previous 
studies have determined the threshold for minimal clini-
cally important difference in DASH scores to be greater 
than 10 points.21 Furthermore, although there was a 
significant decrease of volar tilt in the FA-LCP group 
than the VA-LCP group, the volar tilt in both groups 
were within range of acceptable alignment. However, 
other functional assessments, including flexor tendon 
irritation and need for secondary surgery to remove 
hardware, were significantly greater in FA-LCP. This 
higher incidence of re-operation in the FA-LCP group 
compared to the VA-LCP group is clinically significant. 
Orbay et al. emphasized that salvage procedures may lead 
to further impaired functional outcomes in this patient 
population.2 Thus, the results of this study in aggregate 
demonstrate a meaningful clinical difference between 
VA-LCP and FA-LCP. 

This study shows differences in functional outcomes 
between VA-LCP and FA-LCP. MMWS and DASH were 
improved at all time points in the VA-LCP compared to 

FA-LCP group. As discussed in the limitations section, 
although these results were statistically significant, the 
clinical significance of this difference is less apparent. 
When assessing the relative wrist ROM, the VA-LCP had 
better recovery compared to FA-LCP. This difference in 
relative wrist ROM may contribute to the difference in 
MMWS.22 However, the difference in relative wrist ROM 
may be confounded by different postoperative immobiliza-
tion protocols. The FA-LCP group was immobilized for a 
longer period of time (six weeks for FA-LCP versus one 
week for VA-LCP) because there was concern the fixation 
construct was less stable than that used for VA-LCP. This 
increased period of immobilization and delayed rehabilita-
tion may have introduced a lag time bias. Longer follow up 
is needed to whether FA-LCP patients will recover more 
ROM to catch up to the VA-LCP group.

Relative grip strength was also improved in VA-LCP 
compared to FA-LCP at early follow up at three months. 
Again, this difference may have been related to the lon-
ger immobilization protocol and delayed rehabilitation in 
FA-LCP. Interestingly, the FA-LCP group recovered grip 
strength more rapidly after three months and we were 
unable to detect a difference in grip strength between 

Figure 5. Postoperative radiographic measurements of radial height, radial inclination, volar tilt, and volar tear drop angle throughout the 
12 month follow up period; *p<0.05 when comparing between the two groups.
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both groups at 12 month follow up. However, there was 
an apparent difference in flexor tendon irritation between 
both groups. The FA-LCP group had a high incidence of 
flexor tendon irritation (21.4% FA-LCP versus 10.5% VA-
LCP) and a re-operation rate for removal of hard ware 
(7.1% FA-LCP versus 0% VA-LCP). In the FA-LCP group, 
the conventional plate had to be positioned distal to the 
watershed line in order to adequately stabilize the lunate 
facet, which may have contributed to flexor tendon irrita-
tion. Furthermore, the supplemental K-wires used for fixa-
tion may have also injured the tendons. A cadaveric study 
by Chia et al, found that volar radial styloid, transverse 
radial, and dorso-ulnar K-wires may penetrate both ten-
dons and nerves about the wrist.23 Although VA-LCP also 
straddled the watershed line, the low profile anatomically 
contoured design with highly polished cambered surface 
may have contributed to a lower incidence of flexor tendon 
irritation. Other studies describing various techniques us-
ing fragment-specific fixation, such as volar hook plates, 
found satisfactory outcomes in their series.2,8,16 However, 
O’Shaughnessy et al. reported 20% (5/25) of patients with 
an average follow up of nine months required removal 
of hardware secondary to flexor tendon irritation.8 This 
reported incidence is higher than what we observed 
with VA-LCP (0%, 0/19, average 15.8 months follow up). 
These results suggest that the design of the VA-LCP 
system may be successful at reducing tendon irritation 
at midterm follow up.

In addition to differences in clinical outcomes, we 
observed differences in radiographic outcomes. Radial 
height, radial inclination, and volar tear drop angle were 
not found to be different between groups at all time points. 
There was a larger loss of volar tilt in FA-LCP group com-
pared to VA-LCP. The differences in stability of fixation 
holding the reduction can be explained by prior studies. 
In the FA-LCP group, although K-wire augmentation has 
been reported to be effective to enhance stability of the 
reduction in volar rim fractures, they are biomechanically 
inferior to a volar buttress for these fragments.6 Thus 
additional immobilization periods after conventional fixa-
tion may be necessary to augment stability and prevent a 
greater loss of reduction. In contrast, the VA-LCP system 
firmly buttressed the volar rim with its additional options 
for fixation into the radial styloid, lunate facet, and distal 
radial-ulnar joint with variable angle screws in the radial 
and ulnar “tear drops” holes. However, the application of 
the VA-LCP device is not without limitations. Highly 
comminuted intra-articular fractures and extremely distal 
fractures that preclude capture with screws may not be 
well suited for VA-LCP. In these cases, external fixation 
may be the only salvage operation possible. Although 
there was difference of 1.3 degrees of volar tilt between 
groups, the clinical significance of this difference is likely 
minimal.

In conclusion, we report favorable clinical and radio-
graphic results using the VA-LCP system compared to 
the FA-LCP. These results may be in part attributed 
to the VA-LCP system design with its low profile, ana-
tomic contour, and multiple options for fixation that may 
decrease the incidence of joint penetration and improve 
lunate facet stability. Further research assessing the 
biomechanical properties of this system may further 
elucidate the mechanical properties of this plate and af-
fect is has on the overlying flexor tendons. Furthermore, 
a long-term prospective study is needed to assess long 
term clinical and radiographic implications when using 
this device compared to conventional plates. Surgeons 
may consider the VA-LCP system as an alternative to 
conventional plates when treating radius fractures distal 
to the watershed region.
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ABSTRACT
Background: Adolescent idiopathic scoliosis 

(AIS) is defined as a lateral curvature of the spine 
of unknown etiology with a Cobb angle of greater 
than 10 degrees with vertebral rotation. Bracing, 
specifically with a rigid thoracolumbosacral ortho-
sis (TLSO), decreases the risk of curve progres-
sion to over 50 degrees, the threshold for surgical 
intervention. Some authors have suggested that 
30-50% in-brace correction of the Cobb angles is 
required to prevent significant curve progression. 
The purpose of the study is to evaluate the cur-
rent bracing protocol at the University of Iowa as 
a quality control exercise for the treatment team.

Methods: AIS patients (n = 61; 8 male, 53 
female) who received a Rosenberger TLSO at the 
University of Iowa Department of Orthopaedics 
and Rehabilitation from 2016-2017 were included 
in the study. Inclusion criteria include presence 
of pre-brace and in-brace x-rays within 3 months 
of initiating brace treatment. Patients with other 
diagnoses were excluded.  Radiographic indicators 
of brace effectiveness, such as the Cobb angle, 
were measured.

Results: The in-brace x-rays of 46 (76%) pa-
tients showed less than 30% correction.  Minimal 
changes from the pre- to in-brace x-ray were ob-
served in other radiographic measures.

Conclusions: Results indicate that if the 30-50% 
correction recommended by the literature is valid, 
then modifications to the process of measuring, 
fabricating or modifying our current TLSO’s for 
AIS are warranted. 

Level of evidence: III
Keywords: brace, cobb angle, adolescent idio-

pathic scoliosis 

INTRODUCTION
Adolescent idiopathic scoliosis (AIS) is defined as a 

lateral curvature of the spine of unknown etiology with 
a Cobb angle of greater than 10 degrees with vertebral 
rotation.1 The prevalence of AIS is approximately 3% in 
children under the age of 16, with 0.3-0.5% having wors-
ening curves requiring treatment.2 Bracing, specifically 
with a rigid thoracolumbosacral orthosis (TLSO), has 
been shown to decrease the risk of curve progression 
to over 50 degrees, one commonly used threshold for 
surgical consideration.1 Preventing surgery through ef-
fective bracing is an important goal not only for patients, 
but also for the United States healthcare system. In 2012, 
spinal fusion for AIS resulted in the highest aggregate 
(approximately $341 million) costs for procedures in 
children between the ages of 10 and 14.3

Given a patient’s baseline characteristics (e.g. magni-
tude of the curvature and skeletal maturity) the two most 
important factors thought to be associated with bracing 
success are the amount of correction obtained in the 
brace, and the number of hours of wear time per day.1,4,5 
The literature suggests braces must correct the curve 
by at least 30-50% in order to prevent significant curve 
progression.6,7,8 In addition to correction of the coronal 
Cobb angle, components of the deformity (e.g. kyphosis, 
lordosis, coronal compensation) are increasingly being 
considered. For example, hypokyphosis independent of 
pelvic parameters is common in AIS and is associated 
with decreased pulmonary function.9,10 Sagittal imbal-
ance, particularly seen in spinal fusion patients, leads 
to increased cervical and lumbar complications, includ-
ing low back pain.10 Surgical correction in the coronal 
and sagittal planes have beneficial effects on center of 
mass and center of pressure, ultimately improving gait.11 
Apical vertebral rotation is an important prognostic fac-
tor for curve progression in both thoracic and lumbar 
curves.12,13

The purpose of the study is to evaluate the immediate 
(in-brace) outcomes of a recent sample of patients be-
ing treated for AIS. Specifically, we analyze the amount 
of correction achieved in the brace at the beginning of 
treatment and compare it to recommendations from the 
literature.  
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METHODS
Participants

AIS patients who received a Rosenberger TLSO brace 
at the University of Iowa Department of Orthopaedics 
and Rehabilitation from 2016-2017 and had both pre-treat-
ment radiographs and a radiograph in the brace within 3 
months were included. Exclusion criteria include patients 
receiving a TLSO for a diagnosis other than AIS. 

Data Collection
Demographics were collected from the medical 

record. The pre-treatment hand, posterioranterior and 
lateral full-spine, and the in-brace radiographs were 
downloaded for measurement. The Cobb angle(s), tho-
racic kyphosis, lumbar lordosis, apical vertebral rotation, 
sagittal balance, and coronal balance were measured by 
the first author and spot-checked by the third author 
for accuracy. The Risser grade and Sanders skeletal 
maturity score (SSMS) were measured to assess skeletal 
maturity.14,15 

Data Analysis
Summary statistics included the mean with standard 

deviation, median, range, and 95% confidence intervals. 
The obtained measurements were compared to the 
ranges of normal (Table 1). Data analysis was performed 
using Microsoft Excel (2016).

RESULTS
Data and images from a total of 61 patients (8 male, 

53 female) with a mean age of 12.81±1.37 years were 
extracted from the EPIC™ medical record and included 
in the study (Table 2). 

Pre-brace vs. in-brace radiographic measurements
Most of the patients were skeletally immature, with 

59% at less than Risser 2 and 59% had an SSMS bone age 
less than 4. The mean Cobb angle of the largest curve 
prior to treatment was 27.98±7.32 degrees compared to 
22.46±7.96 degrees in-brace (Table 3). The average curve 
correction was 5.5 degrees. The in-brace correction in 
48% of patients was less than 15%, 28 % was between 
15-30% correction, 16% with 30-50% correction, and 8% 
had over 50% correction (Figure 1). The coronal balance 
was restored in the brace in 5% of patients, whereas it 
continued to be abnormal 5% and 5% of patients became 
decompensated in the brace (Table 4). The average 
change in coronal balance was 3.2 x 10-2 cm. 82% had 
normal sagittal balance (< 5 cm deviation) initially and 
in-brace, with only 10% of patients improving from abnor-
mal to normal and 5% worsening. The average change 
in sagittal balance was 0.35 cm. The thoracic kyphosis 
was within normal range (20 to 45 degrees) in 61% of 
patients both at baseline and in the brace, 16% became 
hypokyphotic, and kyphosis was increased into the nor-
mal range in 13%. The average change in kyphosis was 
1.8 degrees. 61% of patients were hyperlordotic at base-
line and in-brace, 21% improved from hyperlordotic to 
normal (less than 45 degrees), while lordosis increased 
in 8% who became hyperlordotic. The average change in 
lordosis was 3.1 degrees. Apical vertebral rotation was 
consistently normal (5 degrees or less) both pre-brace 
and in-brace in 36% of patients; 3% developed abnormal 
rotation and rotation was decreased in 13% (improved 
from abnormal to normal). The average change in apical 
vertebral rotation was 2.6 degrees.

Table 1. Definitions of Normal for 
Radiographic Measurements

Definitions

Thoracic kyphosis 20 to 45 degrees

Lumbar lordosis < 45 degrees

Apical vertebral rotation ≤ 5 degrees

Sagittal balance < 5 cm deviation

Coronal balance ≤ 2 cm deviation

Table 2. Demographics of AIS patients 
Mean with SD Median Range

Age 12.8 ± 1.4 12.7 12.7 - 17.1

Height (cm) 158.0 ± 9.2 158 131.3 – 180.1

Height per-
centile 64.3 ± 26.8 71.0 1.3 – 99.6

Weight (kg) 46.7 ± 12.0 44.0 27.2 – 97.3

Weight 
percentile 52.0 ± 27.1 52.5 2.1 – 99.6

Table 3. Mean with Standard Deviation (range) 
and Average Change of Pre-Brace and In-Brace 

Radiographic Measurements

Pre-brace In-brace Average 
Change

Cobb angle 
(degrees) 28.0 ± 7.3 (10-43) 22.5 ± 8.0 (5-41) 5.5 ± 6.0

Thoracic kyphosis 
(degrees) 29.0 ± 10.1 (7-55) 27.2 ± 9.2 (4-46) 1.8 ± 7.2

Lumbar lordosis 
(degrees) 54.0 ± 10.1 (28-80) 50.9 ± 9.3 (27-72) 3.1 ± 8.4

Apical vertebral 
rotation (degrees) 10.5 ± 6.9 (0-30) 8.4 ± 6.8 (0-30) 2.1 ± 4.8

Sagittal balance 
(cm) 2.6 ± 1.8 (0.1-6.3) 2.2 ± 1.6 (0.4-1.6) 0.35 ± 2.1

Coronal balance 
(cm) 1.4 ± 0.9 (0.1-3.9) 1.3 ± 1.2 (0.1-4.6) 3.2 x 10-2 

± 1.1

Risser 59% less than 2 
(0-4) - -

Sanders 59% less than 4 
(2-6) - -
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DISCUSSION
Previous studies have shown that Cobb angle cor-

rection with a TLSO significantly influences curve 
progression. Katz et al. (2001) showed that a 25% or 
greater in-brace Cobb angle reduction was associated 
with a 73% success rate (curve progression of <6 de-
grees) in a study of Boston braces.16 Similarly, Emans 
et al. (1983) found that the greater the in-brace Cobb 
angle correction, the better the outcome, suggesting a 
goal of 50% correction to halt curve progression.6 In a 
retrospective study, Landauer et al. (2003) showed that 
over 40% curve correction was significantly related to 
successful outcomes in patients using a Chêneau-type 
brace.8 Goodbody et al. (2016) found that 45% or greater 
in-brace correction was associated with bracing success.7  
The braces in our study fell short of these standards, 
as only 24% resulted in more than 30% correction. It 
must be acknowledged, however, that the achievable 
in-brace correction is likely limited by the flexibility of 
the curve, amount of vertebral rotation, skeletal maturity 
and other factors. In literature, both the SSMS bone age 
and Risser stage is significantly correlated with curve 
progression.17 Additionally, the contribution of in-brace 
correction to the final result relative to other factors such 
as maturity, curve pattern and wear time has not been 
established.  Little change was observed in the other 
radiographic parameters associated with AIS. New Com-
puter Aided Design and Computer Aided Manufacturing 
(CAD/CAM) techniques have allowed a 3D approach to 
designing braces that could improve other parameters, 
such as kyphosis, lordosis, and coronal balance, along 
with Cobb angles.18 With the CAD/CAM system, the 
optimal brace shape and placement of pressure pads for 
immediate in-brace correction can be simulated.18 These 
findings indicate that substantial changes should be 
instituted in our bracing program. Modifications to the 
measurement system, the fabrication process, and or the 
fitting adjustments of our braces should be instituted.

The limitations of this study include a small sample 
size and the fact that changes may have been made to 
the orthosis after review of the in-brace x-ray.  Modifi-
cations were not immediately followed by an additional 
in-brace x-ray, therefore, the measurements here might 
not accurately reflect the corrective forces of the brace 
after that point.  

Future research could track wear time and curve 
progression all the way to skeletal maturity in addition 
to obtaining radiographic measurements. Because of 
this study, patients with AIS at the University of Iowa 
are scheduled to see the prosthetist before all x-rays 
and clinic appointments to ensure optimal brace fit. 
Posteroanterior and lateral x-rays are required at brace 
delivery and repeated at six weeks per standard of care. 
Further studies performed after these adjustments will 
assess whether or not effective in-brace Cobb angle 
correction is now achieved in AIS patients.
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ABSTRACT
Background: The impact of surgery on the 

quality of life of adolescents with idiopathic sco-
liosis (AIS) remains to be clarified as most of the 
studies are retrospective and few include quality 
of life questionnaires completed in the pre- and 
postoperative periods. 

Methods: Operated patients with AIS who com-
pleted preoperative and postoperative SRS-22 
questionnaires were selected for evaluation. The 
demographic data were collected and quality of life 
improvement was assessed by comparing deviation 
to the means with standard deviation at both mo-
ments. Using the Minimal Important Clinical Dif-
ference (MICD) concept, individual improvement 
was also assessed.  

Results: 28 patients (27 females) with an aver-
age age of 14.4 years (min: 12 – max: 18) and 
an average Cobb angle of 61.46º (min: 35º– max: 
98º) were retrospectively reviewed. The correction 
rate was 68% with a final Cobb angle of 18.97º 
(min: 7.37º – max: 37.6º). The Global SRS22 
score and all sub domains showed a significant 
variation (p<0,01). Self-image, followed by mental 
health, were the subdomains where the mean dif-
ferences was more relevant, with the highest effect 
dimension given by d-Cohen analyses (Self-image 
d-Cohen 2.51; Mental health –d-Cohen 0.86). Both 
mean score differences as well as global SRS22 
score reached the MICD but, while 96.4% of the 
patients did so for self-image ,the same only hap-
pened in 50% of the patients in Mental health and 
global score. No clinical relevant change occurred 
in pain or activity domains. 

Conclusion: Taking into consideration the AIS 
natural history and the fact that the most relevant 
change after surgery occurs in patients’ self-
esteem, the advantages of a surgical treatment 
should be thoroughly evaluated not only based on 
curve severity but also by looking at which quality 
of life subdomains are mostly affected and which 
are expected to improve in order to meet proper 
patient expectations. 

Level of evidence: III
Keywords: idiopathic scoliosis, surgery, quality 

of life, SRS-22 

INTRODUCTION
Adolescent idiopathic scoliosis (AIS) is a tridimensional 

deformity of the spine which usually manifests itself at 
the beginning of puberty through an esthetical alteration 
of the trunk. This disease has a 2-3% prevalence in the 
general population and predominantly affects the female 
gender, with 10% of the patients requiring treatment and 
only 0.1% surgical correction.1-3 Weinstein et al., who stud-
ied a population of patients with scoliosis untreated for 50 
years and compared it with an equivalent population with 
no scoliosis, revealed a similar survival rate and dyspnea 
on exertion in 22% of the population with scoliosis (15% 
in the control population, odds ratio=9.25 scoliosis > 80º 
and thoracic apex).  Regarding pain, 61% of the scoliosis 
patients presented lumbar pain (35% in the control popula-
tion), even though the pain was considered mild to moder-
ate in most of the cases. Self-image and the perception of 
functional limitation were the most affected areas, despite 
the almost overlapping of the psychosocial indexes of the 
two populations.4 Conversely, other retrospective studies 
suggest that untreated patients refer reduced activity 
level, pain and psychosocial problems, including lack of 
self-esteem and depression.5-7  

In fact, even though scoliosis is easily recognizable, 
the greatest difficulty lies in realizing to what extent 
deformity affects the quality of life of adolescents. Fre-
idel K et al. mentioned that adolescents are less enthusi-
astic with their lives and present greater tendency for 
depression and physical incapacity when compared to 
peers.8 Payne et al. stated that, regardless of treatment 
phase, scoliosis in itself was considered a risk factor for 
psychiatric disorder,9 which may explain the differences 
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in young people’s adherence to conservative treatments 
with braces, or even in the interpretation of the clinical 
results of the surgery.11-13 In recent years an effort has 
been made to include evaluation scales filled in by patients 
themselves in clinical research interpretation, particu-
larly those from the Scoliosis Research Society (SRS),14 
The validity of the SRS scale with 22 questions (SRS-22) 
was well demonstrated by Arsher et al. in the context of 
idiopathic scoliosis, and it has been validated for several 
idioms and is amply used.15-17 Yet there are still difficulties 
in the interpretation of the studies which applied these 
scales due to a relative lack of data on normality and the 
fact that statistically significant differences might not be 
clinically relevant. Therefore, the concept of Minimal Im-
portant Clinical Difference (MICD) emerged, which helps 
to compare populations with and without scoliosis, as well 
as to determine the clinical outcome of the treatment.18-20

AIS surgery aims to stop deformity progression by 
preventing the emergence of degenerative disorders 
of the spine, as well as the compromise of the cardiore-
spiratory function present in progressive deformities 
of the thoracic spine. Even though recent studies show 
that 23-54% of the patients report spine pain, this disease 
is still considered asymptomatic and rarely is pain the 
main surgical indication.21-25 And if surgical correction 
is usually effective in reducing deformity, an objective 
improvement in the quality of life of the adolescent is not 
always easily foreseen, as there is no direct correlation 
with the radiographic result. Hence, the importance of 
clarification for both the adolescent and their parents on 
the purpose of surgical indication and, above all, on what 
to expect from scoliosis surgery, is paramount, as most of 
the patients are highly functional. 

This study aimed to assess the impact of AIS surgery 
on adolescent quality of life by applying the SRS-22 
questionnaire before and after the surgery, as well as by 
trying to identify the subdomains where this impact is 
more relevant according to well established MICDs.

METHODS
From all AIS patients who underwent surgery in our 

department, the patients who completed the SRS-22 ques-
tionnaire on quality of life before and after the surgery at 
the date of the last assessment at orthopedics outpatient 
clinic were the ones selected for our study. All deformities 
were measured in pre- and postoperative long standing 
radiographs at the last follow-up appointment (Figure 1).

The SRS-22 questionnaire applied to the patients 
presents 20 questions distributed among four subdomains: 
Function, Pain, Self-image and Mental health, and two 
additional questions regarding satisfaction with received 
treatment. Each subdomain consists of five questions 
scored from one (worst) to five (best). The questionnaires 

were answered by the adolescents, alone or in the presence 
of their parents, out of the consultation office. Data were 
recorded in a Microsoft Excel spreadsheet and statistical 
analysis was performed using the IBM SPSS Statistics 
23 software.

T-Student tests were used in matched samples to 
analyze the results, as the goal was to measure the dif-
ference of the mean of patients’ answers before and after 
the surgery by using mean values and standard deviation 
at both moments. D-Cohen was used as measure of effect 
size, since it expresses the differences between the means 
in standard deviations. Differences whose D-Cohen scores 
were above 0.2 were considered relevant, in compliance 
with the interpretative table for this indicator. A new 
variable (Zvariation=global SRS score or the score of each 
final subdomain - global SRS score or each preoperative 
subdomain) was created for this assessment, so as to deter-
mine the proportion of patients who improved, remained 
the same or deteriorated, as the information was consid-
ered complementary to the interpretation of the differ-
ences of the means. Finally, the differences obtained with 
surgery and the Minimal Important Clinical Difference 
(MICD), i.e. the difference with impact on the patient’s 
quality of life18.19 in each subdomain, were compared. The 
MICD values used, resulting from the method based on 
the relevant mean effect, which considered the standard 
deviation and the instrument correlation coefficient for 
the four subdomains (0.6 for Pain, 0.8 for Function, 0.5 
for Self-image and 0.4 for Mental health), were in line 
with the recommendations of Bago et al.20 Regarding the 
global SRS-22 score, the difference based on improvement 
perception tests was applied, as this was higher than the 
value resulting from the analysis based on the mean ef-
fect. Satisfaction results were also analyzed, despite the 

 

Figure 1. Sixteen year old at preoperative (a) with marked deformity 
of hte trunk presenting a SRS-22 global score of 3.52 (Function: 4; 
Pain: 3.8; Self-image: 1.8; Mental health: 2.8); 14-year-old at postop-
erative (b) with corrected deformity presenting a SRS-22 global score 
of 4.54 (Function: 4.2; Pain: 3.8; Self-image: 5; Mental health: 4.6).
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absence of a Minimal Important Clinical Difference.

RESULTS
This study analyzed 28 adolescents (27 females) with 

a mean age of 14.4 years (min: 12 years – max: 18 years) 
suffering from a mean deformity of 61.46º (Cobb angle: 
min: 35 – max: 98º) whose AIS surgery was performed 
by the same surgeon and who completed their SRS-22 
questionnaires before and after the surgery. The patients 
presented relatively long spine instrumentations with 
an average of 11 fixated vertebrae per instrumentation 
(min: 5 – max: 15). The deformity correction rate obtained 
with surgery, i.e. the final Cobb angle – initial Cobb angle 
multiplied by 100, was 68.2% (min: 40 – max: 90.7%), and a 
mean deformity of the final Cobb angle of 18.97º (min: 7.37 
– max: 37.6º) was obtained. Thoracoplasty with the partial 
resection of three to five ribs at the deformity convexity 
level was resorted to in 11 cases so as to improve the 
esthetical result of the surgery. Spine instrumentations 
were preferably performed with screws to fix vertebrae 
pedicles and two rods to attach the screws, with a mean 
implant density (number of screws used per included 
vertebra multiplied by two, as each vertebra has two 
pedicles, multipied by 100) of 68% (min: 46% – max: 100%). 
In 13 patients only the major curve was instrumented. 
In no case was there any need to return to the operating 

room to resolve complications. All the patients answered 
the SRS-22 questionnaire both before and after surgery 
with a mean follow-up of 36 months (min: 24 – max: 72).

When comparing the questionnaires completed pre-
operatively and those completed postoperatively at the 
time of the last assessment, a statistically significant 
improvement (P≤0.01) was observed both in the global 
score and in the subdomains. Nevertheless, only the global 
SRS score, Self-image and Satisfaction, and, to a lesser 
extent, Mental health, exhibited a meaningful dimen-
sion, becoming more relevant (Table 1). Therefore, the 
difference observed with the surgery in the subdomains 
Pain (D-Cohen=0.68) and Function (D-Cohen=0.75) were 
less relevant, with a small mean variance of 0.39 and 
0.32, respectively, since high preoperative scores were 
already present. Self-image and Mental health were the 
subdomains where the adolescents presented the lowest 
preoperative scores, which translates the impact that de-
formity has on the psychosocial sphere (Table 1). On the 
other hand, Self-image was the subdomain where the most 
significant variation introduced by surgery was observed, 
with a mean difference of 1.44 and an effect size of 2.51.

The evolution of the mean of each score after the 
surgery is presented in Figure 2 (a), where the number 
of patients which improved, maintained or reduced their 

Table 1. Clinical Result of Adolescent Idiopathic Scoliosis Surgical Treatment Comparing SRS-22 
Questionaire Scores in Pre and Post Operative Periods with a Mean Follow Up of 36 Months

SRS22 Domains Pre-operative Post-operative S (p) Mean Difference D-Cohen

SRS Global score 3.79 (0.43) 4.46 (0.32) 0.000 0.67 1.76

Function 4.04(0.45) 4.36 (0.39) 0.002 0.32 0.75

Pain 4.01 (0.61) 4.4 (0.54) 0.01 0.39 0.68

Self-image 2.96 (0.7) 4.4 (0.41) 0.000 1.44 2.51

Mental Health 3.72(0.68) 4.25 (0.54) 0.001 0.53 0.86

Satisfaction 4.15 (0.73) 4.87 (0.49) 0.000 0.72 1.15

Figure 2. a) evolution of the means for each score after the surgery; b) number of patients which improved, maintained or reduced the score 
in the various domains.
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scores in the various subdomains (b) can be observed. The 
same figure also shows that all the patients were satisfied 
with the surgery, and just in two cases (7.1%) did the SRS-
22 score diminish after the surgical intervention. Only 
Pain and Function correlated with one another (r=0.389, 
p=0.041), and no relevant direct correlation was observed 
between Self-image and Mental health.

When calculating the variation of each score pre- and 
post-surgery (Zvariation) and comparing this with the 
Minimal Important Clinical Difference, we verified that 
even though 98% of the patients improved their global 
SRS-22 score, only 50% reached a MICD of 0.6 (Figure 3). 
Moreover, only four patients (14.2%) exceeded the MICD 
threshold in the Function domain (Figure 4a) and nine 
patients (32%) reached the MICD in the Pain domain 
(Figure 4b). Improvement was observed in 100% of the 
patients in Self-image, where 27 adolescents (96.4%) 
reached the MICD.  The same did not, however, occur in 
Mental health, where greater variability was registered 
in the evolution of the score, as only 14 patients (50%) 
reached the MICD (Figures 5a and 5b). Furthermore, a 
decrease in the global SRS-22 score was observed in two 
patients, although the MICD was not exceeded (Figure 
2b). Notably, a relevant number of patients reported 
lower scores in the subdomains Pain, Function and Mental 
health after the surgery. Finally, the satisfaction analysis 
of the questionnaires completed by the adolescents lead 
us to state that all the cases presented a higher level of 
satisfaction postoperatively, when compared to the pre-
operative period (Figure 6).

DISCUSSION
The results emerging from this study can be consid-

ered particularly relevant to both the patients and their 

families and the surgeons who treat scoliosis. This study 
clearly states that with a deformity correction rate of 68%, 
which overlaps those published in literature, surgery sta-
tistically significantly improved all the domains assessed 
by the SRS-22 quality of life questionnaire. Nevertheless, 
only the results of Self-image and Mental health deviate 
from the mean, with a relevant effect size which also 
conditions the variation of the global score of the question-
naire. Even though thoracic deformity is quite visible, its 
repercussions in the quality of life of adolescents is not 
linear, which may hinder the appreciation of the impact of 
surgery on the psychometric domains of clinical outcome 
scales26 and, therefore, explain these results.

Rushton et al. assessed the impact of scoliosis on the 
quality of life of adolescents by comparing SRS-22 scores 
of adolescents with scoliosis with scores of the same 
questionnaire completed by adolescents without scoliosis. 
81% of the published series showed that the adolescents 
with scoliosis registered a reduction in the Pain score, 
even though only in 5% of the series was this difference 
clinically relevant. On the other hand, Self-image de-
creased in 91% of the series, of which 73% were clinically 
relevant reductions. Moreover, neither Mental health nor 
Function presented clinically important differences.27 
Similarly, in our population, Self-image was the only 
clinically decreased subdomain during the preoperative 
period, whereas the remaining subdomains reflected the 
scores reported by the normal population published by 
Verma et al.28 Hence, the need arises to clearly understand 
the value which may eventually be added with scoliosis 
surgery. Even though 40% of the adolescents do not seem 
to be affected by the diagnosis and the eventual treatment 
of the disease, Danielsson et al. referred that 25% to 43% 
of the adolescents may present symptoms of depression 
and isolation, thus translating the impact of the deformity 
on their psychic sphere.29 In line with this association, 
Andersen et al. showed that, irrespective of the treat-
ment performed, there is significant improvement in the 
psychologic outcome when the procedure is performed 
before the age of 16 years. Therefore, surgery should not 
be long postponed, especially in cases of children with low 
psychometric evaluations in the Self-image and Mental 
health subdomains.30

As shown, adolescent idiopathic scoliosis surgery 
aims to prevent deformity progression, thus preserving 
respiratory function, delaying the appearance of degen-
erative alterations, and, at the same time, improving the 
appearance of the trunk. In essence, the surgery which 
treats adolescent idiopathic scoliosis seeks to substan-
tially improve the quality of life of young people and is 
usually recommended for deformities whose Cobb angle 
is above 40/50o. It is, therefore, the responsibility of the 
surgeon to convincingly demonstrate that this goal may 

 
 

 Figure 3. Value of individual variations of the SRS-22 score, resulting 
from the subtraction of the initial score from the final score, with 
horizontal line representing MICD value.
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be achieved with the surgery. For this reason, clinical 
outcome studies should include not only radiographic as-
pects, but also features related to the quality of life of the 
adolescents, namely the activity, pain, mental health and 
cosmetic levels. Moreover, patient expectations should be 
thoroughly included in the study, for, if not very clear, 
they might not be achieved and might affect the clinical 
outcome of the procedure.

After comparing the means of each score of the SRS-
22 questionnaire, both before and after the surgery, the 
Minimal Important Clinical Difference (MICD)18,19 concept 
was applied to the differences recorded for each patient 
in each subdomain. A gain in Self-image becomes, then, 
evident, as 98% of the patients exceeded MICD. The same 

did not occur for Mental health, where only 50% of the 
patients presented a clinically relevant positive variation. 
For Pain and Function, our data showed that, based on a 
sample of 28 patients without any complications, only four 
(14%) referred an increased activity level and nine (32%) 
mentioned a clinically relevant improvement in Pain. 
Regarding the global SRS-22 score, 50% of the patients 
achieved a clinically relevant improvement. However, as 
abovementioned, this is mostly due to an improvement in 
Self-image, which, on its own, conditioned the great level 
of satisfaction. Bago et al. reached the same conclusion 
when they reported an improvement above the MICD in 
the SRS-22 score in only 52% of the adolescents after a 
2-year follow-up.20 On the other hand, Upasani et al. reg-

Figure 4. Value of individual variations of Function (a) and Pain (b) scores resulting from the subtraction of the initial score from the final 
score, represented with horizontal line representing MICD value.

Figure 5. Value of individual variations of Self-image (a) and Mental health (b) scores resulting from the subtraction of the initial score from 
the final score, with horizontal line representing MICD value.
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istered a deterioration of the scores in the period between 
two and five years after surgery, namely in Pain, even 
though the majority of the patients kept a high level of 
satisfaction.31 

The component Pain will probably require reconsidera-
tion both of the Minimal Important Clinical Differences 
for this subdomain and of the content of the questions 
which provide its score in the SRS-22 questionnaire. For 
example, in our sample, a variation above 0.42 in this 
subdomain (preoperative standard deviation multiplied 
by a D_Cohen of 0.7 – which is considered a relevant 
effect) would disclose a more expressive improvement 
in pain. Rushton et al. even questioned if, in the context 
of idiopathic scoliosis, Pain was not being underrated, 
since 82% of the published series reported a statistically 
significant decrease of pain with the surgery. According 
to Landman et al., the prevalence of pain in idiopathic sco-
liosis was of 77.9% in a universe of 1,433 adolescents, and it 
is more correlated with high thoracic curves, obesity and 
perception of deformity.32 The patients with a lower score 
in the Pain domain were indeed the ones who, according 
to Danielsson AJ et al., benefitted more from the surgery, 
as most pain complaints were resolved.33 

Given the relative benignity of the natural history 
of adolescent idiopathic scoliosis and the insufficient 
knowledge of the impact of deformity progression on 
the quality of life of the patients, we also share Daniels-
son AJ et al.’s concern, who state that the benefit of the 
surgery reported by the different authors has been, to a 
certain extent, overvalued.33 When analyzing the goals of 
surgery in mild to moderate deformities, we verify that, 
ever so often, we will be prophylactically intervening 
in the probable progression of scoliosis with no obvious 
short- to medium-term impact. Moreover, we also empha-

size that two patients of our series presented decreased 
global SRS-22 scores, which represents a reduction in the 
quality of life of the adolescents, even in the absence of 
complications, thus showing that sometimes we may fall 
short of what was expected.

Even though the prevalence of pain in the population 
with scoliosis and its negative impact on the self-image, 
with possible repercussions in metal health, is well known, 
in some cases we may have to face preoperative high 
scores in all SRS-22 domains. Providing that adding a 
clinically relevant gain may not be very realistic, these are 
borderline cases where the benefits of surgical treatment 
should be carefully assessed and the natural history of the 
disease, the subdomains affected by the clinical condition 
and the patient’s expectations should be considered.
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ABSTRACT
Pigmented Villonodular Synovitis (PVNS) of the 

shoulder is rare. We present a patient with locally 
recurrent tonsillar squamous cell carcinoma (SCC) 
and newly identified soft tissue lesion of the right 
shoulder exhibiting similar focal FDG-PET CT 
uptake. Biopsy demonstrated features consistent 
with pigmented villonodular synovitis (PVNS). 
We discuss imaging features and describe a ‘ two 
needle,’ coaxial biopsy technique.  

Keywords: PVNS, shoulder, metastasis, mimic 

INTRODUCTION
Pigmented villonodular synovitis (PVNS) is a chronic 

mono-articular neoplastic disease that typically involves 
a single joint.1 It usually affects the knee or hip with char-
acteristic overgrowth of the synovial lining. While not 
malignant, local joint tissue proliferation can be difficult 
to manage surgically and can cause chronic joint swelling 
leading to arthritis.1 

Although rare, PVNS is known to be FDG-avid on 
PET/CT, with limited reports describing shoulder in-
volvement.2 We present a patient with locally recurrent 
tonsillar SCC and newly identified soft tissue lesion of 
the right shoulder exhibiting similar focal FDG-PET 
CT uptake. MRI features were atypical of soft tissue 
metastasis, therefore CT-guided biopsy was performed. 
Biopsy confirmed characteristic histological features of 
PVNS. We used a two needle, coaxial biopsy technique 
not  widely described in current literature; a technique 
we believe to be ideal for surgically inaccessible lesions 
or for deep lesions within the shoulder.  

Case Report
A sixty-year-old female with a background of tonsil-

lar squamous cell carcinoma (SCC), treated with radical 
chemo-radiotherapy, presented with local neck recurrence 
after three years.  She was re-staged in anticipation of a 

salvage radical neck dissection, segmental mandible resec-
tion and flap reconstruction.  Restaging CT was carried 
out as any metastasis outside of the neck would exclude 
her from the proposed radical surgery. There was no other 
relevant past medical history of note.  

FDG-PET/CT demonstrated intense uptake within the 
locally recurrent tonsillar SCC and also intense uptake 
adjacent to the right anterior glenoid with a SUV max of 
6. Both soft tissue lesions showed similar imaging appear-
ances on FDG-PET CT (Fig. 1a-d). However, the patient 
was asymptomatic in her right shoulder.  Following 
multidisciplinary discussion, SCC metastasis or soft tissue 
sarcoma was considered as the main differential diagnosis. 

Magnetic resonance imaging (MRI) (Fig. 2a-f) showed 
a 2x3cm oval shaped lesion anterior to the right gle-
noid, deep to the subscapularis muscle. The lesion was 
isointense to muscle on T1 and slightly hyperintense on 
fat suppressed imaging. Unfortunately a gradient echo 
sequence was not performed, as PVNS was not on the 
list of differential diagnoses. Ultrasound demonstrated 
a solid mass with mild increased signal on Doppler. As 
imaging features were inconclusive, CT-guided biopsy 
was performed to obtain a definitive sample for histology 
and exclude metastatic disease prior to radical surgery. 

Under CT guidance, an 8-gauge T-lok bone marrow 
biopsy needle (Argon medical devices, USA)3 was first 
introduced into the right shoulder, via the deltopectoral 
groove, and advanced deep to the subscapularis muscle 
with the tip proximal to the lesion, anterior to the glenoid.  
A 14-gauge supercore soft tissue needle (Argon medical 
devices, USA)3  was then placed through the outer 8-gauge 
needle (Fig. 3a-c). Multiple core biopsies were taken of the 
lesion and sent for histology (Fig. 4a-b). The procedure 
was performed under conscious sedation, using ropivicaine 
for local anaesthetic, without complication. Histology 
revealed typical features of PVNS (Fig. 5a-d).  She was 
managed symptomatically for her PVNS. She underwent 
radical neck dissection for recurrent tonsillar SCC.

DISCUSSION
PVNS can be focal or diffuse and can present as an intra 

or extra-articular form. It usually presents in the third to 
fifth decades of life, with varied clinical symptoms includ-
ing pain, soft-tissue mass, swelling and joint dysfunction.3 
Radiographs and Computed tomography (CT) are often 
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non-specific.  If there is intra-articular involvement, radio-
graphs may show erosions of the affected joint.3

MRI is certainly more specific than radiographs or 
CT. MRI may demonstrate several features suggestive of 
PVNS including non-specific intermediate low signal in-
tensity on T1 and T2, and a blooming artifact on diffusion 
gradient echo sequences caused by hemosiderin deposits.3 
However, in our case no specific imaging features to indi-
cate aetiology were present, so biopsy was performed as it 
would dramatically alter patient management. 

There is limited literature discussing the imaging 
features of PVNS on nuclear medicine modalities. PVNS 
is known to be FDG-avid, a SUV max of 11.3 has previ-
ously been reported.4 Moreover there are a number of case 

Figure 2. MRI T2 axial (A), STIR axial (B,D), T1 coronal (C) se-
quences shows an iso intense 2x3cm well defined lesion in relation to 
the anterior part of the glenoid but not directly involving the scapula. 
T1 axial fat saturated (E) and coronal (F) post contrast images show 
a modest enhancement pattern.  The overall MRI appearances were 
non specific.

Figure 3. (A) shows the 8 gauge bone marrow biopsy and 14 gauge 
soft tissue biopsy needle on the left and right respectively. (B) shows 
how the soft tissue needle is placed through the bone biopsy needle. 
(C) shows a close up view of the trochar needle tip. 

Figure 4. (A and B) show CT guided biopsy of the anterior glenoid le-
sion with T-lock bone biopsy needle and supercore soft tissue needle. 

Figure 5.  
(A) Low power magnification of biopsy showing features of tenosyno-
vial giant cell tumour (pigmented villonodular synovitis) composed 
of sheet like arrangement of mononuclear cells with scattered mul-
tinucleated giant cells (HE stain x100 original magnification). (B)  
Higher power view of the tumour showing the oval mononuclear 
cells with round nuclei lacking cytological atypia or atypical mitoses 
and admixed multinucleated giant cells (HE stain x400 original 
magnification). (C)  Focal areas in the tumour showing foamy his-
tiocytic infiltrate (HE stain x200 original magnification). (D)  Focal 
haemosiderin pigment deposition is also noted in the tumour (HE 
stain x200 original magnification).

Figure 1. (A and C) shows a focal area of increased uptake in the left 
tonsil in keeping with recurrent tonsillar squamous cell carcinoma. 
(SUV max of six). (B and D) shows an avid area of uptake anterior to 
the right glenoid. Both lesions showed similar SUV max values of 6.
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reports of PVNS as an incidental findings on FDG-PET/
CT in the setting of known malignancy.5 As in our case, 
this posed a diagnostic challenge to differentiate between 
metastasis and other potential disease entities.  

Studies have also shown no statistical difference 
in SUV max between PVNS subtypes including intra-
articular PVNS, diffuse PVNS, or giant cell tumour of the 
tendon sheath.5 PVNS has also been shown to respond to 
cancer treatment with subsequent decrease in metabolic 
activity.6 These findings can complicate patient work 
up, more so in conditions such as melanoma or sarcoma 
where metastatic musculoskeletal disease manifesta-
tions are  common. Depending on the form (localized vs. 
diffuse), radiation may be considered in conjunction with 
surgical excision. In diffuse PVNS, synovectomy is usu-
ally necessary. 

The described biopsy technique using a two needle 
coaxial technique is an alternative method to obtain 
diagnostic tissue.  Percutaneous biopsy using a single co-
axial needle system method is commonly used currently. 
The coaxial needle technique is an alternative and more 
efficient method, which we have used successfully as in 
this case without any complication. It facilitates multiple 
soft tissue cores to be obtained rapidly with minimal soft 
tissue trauma as the outer needle stays in place between 
samples being taken. 

Learning Points
• There are only a handful of case reports describ-

ing PVNS in the shoulder, implying it is a very 
rare location. 

• A metabolically active lesion near but not directly 
involving the scapula should raise the suspicion for 
a coexistent disease process. Despite the known 
history of cancer, a metastatic lesion should not be 
conclusively diagnosed from PET imaging alone if 
imaging features are not characteristic.  

• We present a two needle coaxial biopsy method us-
ing CT which can facilitate rapid tissue sampling. 

CONCLUSION
There are a number of case reports of PVNS as an inci-

dental finding on FDG-PET/CT in the setting of known 
malignancy. With the ever increasing use of PET imaging 
within oncology, it is likely that potentially benign but 
metabolically active lesions will be identified more fre-
quently. This can complicate treatment and delay patient 
work up. If typical MRI imaging features are present, then 
PVNS can be confidently diagnosed. However, if atypical 
or in an unusual location, we describe a two needle CT 
guided biopsy technique to confirm the diagnosis.
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ABSTRACT
Background: The primary aim of this study was 

to determine the prevalence of asymptomatic pes 
planus and cavovarus foot deformities using the 
tripod index (TI). 

Methods: A retrospective study was conducted 
on 122 adult subjects over the age of 18 from 
January 2010 to December 2016 with symptom-
atic pes planus (n=78) or cavovarus (n=44) foot 
deformities. We subdivided both groups into sub-
jects who presented with unilateral symptomatic 
deformities (pes planus unilateral symptomatic; 
cavovarus unilateral symptomatic) and bilateral 
symptomatic foot deformities (pes planus bilateral 
symptomatic feet and cavovarus bilateral symp-
tomatic feet). The severity of TI was compared 
between sides.

Results: The prevalence of asymptomatic pes 
planus and cavovarus foot deformities was 52% 
and 67.6%, respectively. Subjects with unilateral 
symptomatic foot deformities had significantly more 
severe TI values for the symptomatic cavovarus 
foot -98.96% (-288.89 to 0%) compared to asymp-
tomatic cavovarus -67.41% (-270.59 to 14.71%) 
(p=0.015). Subjects with unilateral symptomatic 
pes planus deformity also had more severe TI on 
the symptomatic foot 57.49 (-9.38 to 141.67%) 
compared to the asymptomatic foot 30.43 (-51.52 
to 119.23%) (p<0.01). Subjects with bilateral 
symptomatic foot deformities had no significant 
difference in severity of Tripod Index between feet.

Conclusion: Although half of subjects with 
unilateral symptomatic deformities had a foot de-
formity on the contralateral side, the severity of 
deformity between symptomatic and asymptomatic 
feet was significantly different for both pes pla-
nus and cavovarus feet. Further studies should 
prospectively follow postoperative radiographs to 
determine whether a correction in foot alignment 
directly improves symptoms. 

Level of evidence: III
Keywords: tripod index, cavovarus, pes planus

INTRODUCTION
Bilateral pes planus and cavovarus deformities are 

commonly seen in foot deformity patients, occurring in 
23.7% and 48.9% of foot deformity cases, respectively.1 

Muscle imbalance is usually the cause of these deformi-
ties, typically arising from either idiopathic, neurologic, 
inflammatory, vascular, traumatic, or congenital causes.2-7 

The overall prevalence of pes planus deformity has been 
reported at 2-5%8,9 and is characterized by a combination of 
posterior tibialis tendon deficiency, collapse of the medial 
longitudinal arch, foot abduction at the talonavicular joint, 
and hindfoot valgus due to subtalar joint eversion.10-18 In 
contrast, cavovarus occurs in 10% of the population and is 
characterized by hindfoot varus, subtalar joint inversion, 
midfoot cavus, plantar flexion of the first metatarsal, and 
forefoot adduction.4,8,10,11,19 While subjects with severe 
pes planus and cavovarus deformities can be completely 
asymptomatic, those with symptomatic deformities can 
present with impingement, pain, instability, callosities, dif-
ficulty with shoe wear, and subsequent arthritis.4,15,16,20-23 
Conservative treatment for these conditions includes 
stretching, proprioceptive training, strength training, 
nonsteroidal anti-inflammatory medications, ankle brac-
ing, and orthotics. However, disease progression can 
lead to worsening symptoms and necessitate operative 
correction.24,25

The Tripod Index (TI) is an aggregate measure of the 
position of the talar head in relation to the “foot tripod” on 
a standing AP radiograph.10 The foot tripod is the center 
of the heel (designated by a fitted hemispherical marker 
on AP radiographs), the medial border of the medial sesa-
moid, and the lateral border of the 5th metatarsal head. TI 
uses easily identifiable landmarks, to integrate multiple 
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planes of the foot with excellent intraobserver (0.99) and 
interobserver (0.98) reliability.10,11  The more medial the 
center of the talar head is to the foot tripod, the more 
positive the TI, as seen in pes planus deformities. Nega-
tive TI values correspond to the center of the talar head 
located more lateral to the foot tripod, as seen in cavovarus 
deformities. Cutoffs for diagnosing symptomatic pes 
planus and cavovarus deformities were determined to be 
26% and -39%, respectively.10 Using these values, the sen-
sitivity and specificity of TI in pes planus and cavovarus 
was 100% and 93%, and 96% and 95%, respectively.11 There 
has been a paucity of data investigating radiographic 
predictors of developing symptoms on the asymptomatic 
foot. Determining the relationship between radiographic 
severity and asymptomatic foot deformities may allow 
physicians to diagnose and appropriately counsel patients 
before contralateral symptoms develop. 

The purpose of this study was to use the previously 
validated tripod index radiographic measurement10,11 to 
determine the prevalence of pes planus and cavovarus on 
the asymptomatic contralateral foot in subjects indicated 
for foot reconstruction surgery. This study also aimed to 
compare the radiographic severity of deformity between 
the symptomatic and asymptomatic sides. We hypoth-

esized the following: 1) subjects indicated for pes planus 
or cavovarus foot reconstruction have a deformity on the 
asymptomatic contralateral side; 2) the TI measurement 
would be more severe in symptomatic feet compared with 
contralateral, asymptomatic feet.

METHODS
Cohort 

This study was approved by the hospital’s institutional 
review board (IRB) using a standard protocol. Subjects 
were identified in the senior author’s practice through a 
clinic billing database using the ICD-9 code for pes planus 
(754.6 and 726.7) and cavovarus (736.7 and 754.7). Our bill-
ing search yielded 245 consecutive subjects from January 
2010 to December 2016 with symptomatic pes planus 
(n=147) or cavovarus (n=98) foot deformities indicated 
for reconstructive surgery. Exclusion criteria included 
subjects under the age of 18, diagnosis of Charcot Marie 
Tooth (CMT), other neuromuscular conditions, previous 
hindfoot or midfoot surgeries, or lack of hemispheri-
cal marker around the heel during AP bilateral weight 
bearing foot films (n=123). A total of 122 subjects were 
included in our cohort (Figure 1). We subdivided both 
groups into subjects who reported unilateral symptoms 

Figure 1. Study cohort.
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and those who reported bilateral symptoms at initial pre-
sentation. Symptomatic pes planus deformity was defined 
as clinical flattening of the medial longitudinal arch in 
subjects that reported pain (i.e. posterior tibial tendonitis 
or subfibular impingement) at the initial clinical presen-
tation. Symptomatic cavovarus deformity was defined as 
clinical hindfoot varus and high medial longitudinal arch 
in subjects that reported pain in the lateral column or 
peroneal pathology. In the bilateral symptomatic popula-
tions, the operative foot was defined as the symptomatic 
foot. All clinical diagnoses were made by one of three 
senior foot and ankle surgeons who also performed all 

reconstruction foot surgeries. Subjects were followed a 
minimum of one year after their index surgery or until 
their contralateral reconstructive surgery. 

Radiographic Measurements
Preoperative bilateral AP weight-bearing radiographs 

with a hemispherical marker around the heel, lateral, and 
hindfoot alignment films were obtained in a standardized 
manner as described previously.10,11 The tripod index of 
symptomatic and asymptomatic feet was measured in all 
subjects using the iSite Enterprise 3.5 image analysis soft-
ware (Philips Medical Systems Nederland B.V., Best, The 
Netherlands). The tripod index was measured by a single 
fellowship-trained foot and ankle surgeon (CR) using the 
center of the heel, center of the talar head, the medial first 
metatarsal sesamoid bone, and the lateral border of the 
fifth metatarsal. The measurement technique is further 
illustrated in Figure 2. Tripod index values greater than 
26% or less than -39% were used as the cut-off values for 
radiographic diagnosis of pes planus and cavovarus feet, 
respectively (Figure 3).10,11

Statistical Analysis
Cavovarus and pes planus groups were evaluated 

separately.  Descriptive analyses of subject characteristics 
and radiographic measurements, including mean±SD or 
median (min-max) for continuous variables and frequency 
for categorical variables, were completed separately for 
subjects with and without bilateral symptoms.  Nonpara-
metric tests were completed due to the distribution of 

Figure 2: Measurement technique for the Tripod Index. The Tripod 
Index is measured from the center of the heel using the hemispheric 
marker (A). (B) is the meial edge of the medial sesamoid. (C) is the 
lateral edge of the fifth metatarsal. (D) is the center of the talar head. 
E is the lateral tripod angle created by the intersection of AB and 
AC. F is the medial tripod angle created by the intersection of AB 
and AD. The Tripod Index (%) = (angle F/angle E) x 100. If the AD 
line is medial to the AB line, the index is positive; if the AD line is 
lateral to the AB line, the index is negative.

Figure 3: Tripod Index measured on a patient with pes planus (a) 
and cavovarus foot (b).
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Table 1. Results Comparing Bilateral vs Unilateral Symptomatic Pes Planus Participants
Variable Bilateral Symptoms  (n=27) Unilateral Symptoms  (N=50) p-value

Age (mean±SD, yrs) 47.8±18.7
46.0 (18.0-75.0)

49.6±16.8
52.5 (18.0-83.0)

0.5897

BMI (mean±SD, kg/m2) 33.8±7.0
34.6 (19.6-46.3)

32.8±7.1
31.7 (22.2-53.4)

0.5384

Sex (n, % women) 18 (66.7) 27 (54.0) 0.2818

HTN (n, % yes) 8 (29.6) 15 (30.0) 1.0000

Depression (n, % yes) 4 (14.8) 5 (10.0) 0.7119

Fibromyalgia (n, % yes) 2 (7.4) 0 0.1200

Depression or fibromyalgia (n, % yes) 6 (22.2) 5 (10.0) 0.1790

Diabetes (n, % yes) 0 6 (12.0) 0.0853

Neuropathy (n, % yes) 2 (7.4) 2 (4.0) 0.6089

Inflammatory arthropathy (n, % yes) 3 (11.1) 3 (6.0) 0.6591

Smoker (n, % yes) 2 (7.4) 4 (8.0) 1.0000

Manual Labor (n, % yes) 2 (7.4) 3 (6.0) 1.0000

Neuro condition (n, % yes) 0 (0.0) 0 (0.0) -

Workers Comp (n, % yes) 0 5 (10.0) 0.1527

Diagnosis by TI, Index Side 23 (85.2) 38 (76.0) 0.3432

Diagnosis by TI, Contralateral Side 21 (77.8) 26 (52.0) 0.0269

Table 2. Comparing Index to Contralateral Side (paired tests) in Unilateral Patients and Bilateral 
Patients with Pes Planus Deformity

Unilateral patients (n=50)

Variable Side Min Max Med Mean SD p-value

TI Index -9.38 141.67 61.65 57.49 37.67 <0.0001

Contralateral -51.52 119.23 31.38 30.43 35.95

N, (% Yes) p-value

Flatfoot Diagnosis 
by TI

Index 38 (76.0) 0.0075

Contralateral 26 (52.0)

Bilateral patients (n=28)

Variable Side Min Max Med Mean SD p-value

TI Index -6.25 116.67 58.62 62.82 34.76 0.1140

Contralateral -55.56 108.57 57.14 56.21 34.92

N, (% Yes) p-value

Flatfoot Diagnosis 
by TI

Index 23 (85.2%) 0.6875

Contralateral 21 (77.8%)

Wilcoxon signed rank sum test (nonparametric paired t-test) for TI, F angle, E angle
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continuous variables. To test the hypothesis that the 
TI measurement would be more severe in symptomatic 
feet compared with contralateral, asymptomatic feet, we 
utilized the Wilcoxon Signed Rank test to compare TI 
values between paired feet. These analyses were repeated 
in subjects with bilateral symptoms. Data analyses were 
performed by a statistician using SAS software, version 
9.3 (SAS Institute, Inc. Cary, North Carolina). A p-value 
of <0.05 was considered significant.

RESULTS
Pes planus group 

Overall demographic characteristics for pes planus 
are outlined in Table 1. The mean age for pes planus de-
formity was 49.0±17.4 yo (median = 52.0 yo; min-max =18 
to 83 yo). Subjects presented with bilateral symptomatic 
deformities in 28 out of 78 (35.9%) of cases. When compar-
ing participants with unilateral or bilateral symptoms, 
there were no significant differences in age, gender, body 
mass index (BMI), smoking status, hypertension (HTN), 
depression, fibromyalgia, diabetes, or neuropathy.  The ra-
diographic values for subjects diagnosed with pes planus 
are shown in Table 2. Using the TI cutoff values, 76% of 
symptomatic unilateral patients met the radiographic di-
agnosis for pes planus. Additionally, 52% (n=26) of subjects 
with unilateral symptoms were diagnosed with pes planus 
on the contralateral asymptomatic side. Subjects with 
unilateral symptoms had significantly greater TI values 
in the symptomatic foot [(57.49 ± 37.67% (61.65; -9.38 to 
141.67%)] compared to the contralateral asymptomatic 
foot [(30.43 ± 35.95% (31.38; -51.52 to 119.23%)] (p < 0.01). 
In subjects with bilateral symptomatic pes planus, there 
was no significant difference in the severity of TI between 
the operative foot (66.27 ± 38.68% (61.13; -6.25 to 159.38%)) 
and symptomatic contralateral foot (57.98 ± 35.53% (63.87; 
-55.56 to 108.57%)) (p=0.07). Of note, six out of 50 subjects 
(12%) with unilateral symptoms went on to develop symp-
toms in the asymptomatic contralateral foot at a mean 
time of two years after their initial presentation. Fifteen 
out of 28 subjects (53.6%) with bilateral symptomatic feet 
had subsequent contralateral reconstructive surgery at a 
mean time of 1.25 years after the index surgery.

Cavovarus group
Forty-four subjects were clinically diagnosed with 

symptomatic cavovarus foot deformity (Table 3). The 
mean age of subjects diagnosed with cavovarus defor-
mity was 48.3±13.8 years (48.5; 18.0 to 85.0). Of these 
subjects, seven out of 44 subjects (15.9%) had bilateral 
symptomatic feet at presentation. Except for BMI, there 
were no significant differences in the demographic char-
acteristics between subjects with unilateral and bilateral 
symptomatic feet. The radiographic values for unilat-

eral symptomatic and bilateral symptomatic subjects are 
shown in Table 4. Using the TI, 78.4% of unilateral symp-
tomatic cavovarus deformity met radiographic criteria. 
Sixty-seven percent of subjects with unilateral symptoms 
were diagnosed with cavovarus foot deformity on the 
contralateral asymptomatic side. Subjects with unilateral 
symptoms had significantly more severe TI values on the 
symptomatic foot [-98.96 ± 76.32% (-82.05; -288.89 to 0%)] 
than the asymptomatic contralateral foot [-67.41 ± 58.34% 
(-57.58; -270.59 to 14.71%)] (p=0.015). Subgroup analysis in 
subjects with bilateral symptomatic feet demonstrated no 
significant difference in TI values between the operative 
and the symptomatic contralateral foot [84.91±73.12% 
(-73.53; -188.24 to 0%)] and [-81.16±78.12% (-68.57%; -194.12 
to 40.63%)] (p=0.813), respectively. One out of 37 subjects 
with unilateral symptoms (2.7%) and three out of seven 
subjects (42.9%) with bilateral symptoms went on to have 
subsequent contralateral reconstructive surgery at a mean 
time of 1.1 years after their index surgery.

DISCUSSION
The TI has been previously shown to be a reliable 

method of measuring foot alignment and diagnosing 
both pes planus and cavovarus foot in symptomatic sub-
jects.10-11 Although previous studies have shown that the 
TI has a higher sensitivity for flatfoot deformity (100%) 
compared to cavovarus deformity (96%), quantifying 
both deformities using the TI have a high positive and 
negative predictive value.11 We found that 76% and 78.4% 
of patients with unilateral symptomatic deformity met 
radiographic diagnosis for pes planus and cavovarus 
deformities, respectively.  A significant number of sub-
jects with pes planus and cavovarus deformities had TI 
values that failed to meet the diagnostic TI parameters 
for their respective deformity. Given that the tripod index 
accounts for the position of the talar neck in relation to 
the foot tripod, patients with clinical diagnosis may have 
lacked talar uncoverge and overcoverage. Additionally, 
compensatory forefoot deformity could potentially reduce 
the tripod index from reaching the defined diagnostic 
cutoff values.  Additionally, our study found that over 
half of subjects with unilateral symptomatic pes planus 
or cavovarus foot deformities had a similar, though less 
severe, deformity on the asymptomatic contralateral foot. 
Thus, it is important for clinicians to both clinically and 
radiographically diagnose bilateral foot deformities. Sur-
geons may potentially use this consolidated information 
to guide treatment of each individual foot, especially in 
bilateral deformity cases.

Our pes planus cohort showed that symptomatic feet 
presented with more severe radiographic deformity 
when compared to the asymptomatic side. Our results 
for deformity severity are in contrast to Dyal’s study, 
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Table 3. Results Comparing Bilateral vs Unilateral Symptomatic Cavovarus Participants
Variable Bilateral Symptoms  (n=7) Unilateral Symptoms  (N=37) p-value

Age (mean±SD, yrs) 39.1±15.0
42 (18-56)

50.0±13.1
49.0 (22-85)

0.1311

BMI (mean±SD, kg/m2) 27.7±7.0
25.4 (20.3-37.4))

34.2±6.6
34.6 (21.9-54.1)

0.0400

Sex (n, % women) 3 (42.9) 16 (43.2) 1.0000

HTN (n, % yes) 1 (14.3) 16 (43.2) 0.2204

Depression (n, % yes) 1 (14.3) 6 (16.2) 1.0000

Fibromyalgia (n, % yes) 0 1 (2.7) 1.0000

Depression or fibromyalgia (n, % yes) 1 (14.3) 7 (18.9) 1.0000

Diabetes (n, % yes) 1 (14.3) 5 (13.5) 1.0000

Neuropathy (n, % yes) 0 0 -

Inflammatory arthropathy (n, % yes) 1 (14.3) 3 (8.1) 0.5135

Smoker (n, % yes) 1 (14.3) 4 (10.8) 1.0000

Manual Labor (n, % yes) 2 (28.6) 6 (16.2) 0.5934

Neuro condition (n, % yes) 0 0 -

Workers Comp (n, % yes) 1 (14.3) 9 (24.3) 1.0000

Diagnosis by TI, Index Side 5 (71.4) 29 (78.4) 0.6490

Diagnosis by TI, Contralateral Side 5 (71.4) 25 (67.6) 1.0000

Table 4. Comparing Index to Contralateral Side (paired tests) in Unilateral Patients and Bilateral 
Patients with Cavovarus Deformity

Unilateral patients (n=37)

Variable Side Min Max Med Mean SD p-value

TI Index -288.89 0 -82.05 -98.96 76.32 0.0150

Contralateral -270.59 14.71 -57.58 -67.41 58.34

N, (% Yes) p-value

Flatfoot Diagnosis 
by TI

Index 29 (78.4%) 0.3877

Contralateral 25 (67.6%)

Bilateral patients (n=7)

Variable Side Min Max Med Mean SD p-value

TI Index -188.24 0 -73.53 -84.91 73.12 0.8125

Contralateral -194.12 40.63 -68.57 -81.16 78.12

N, (% Yes) p-value

Flatfoot Diagnosis 
by TI

Index 5 (71.4%) -

Contralateral 5 (71.4%)

Wilcoxon signed rank sum test (nonparametric paired t-test) for TI, F angle, E angle
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which found similar deformity severity in the asymp-
tomatic and symptomatic pes planus population.13 Unlike 
our study, Dyal utilized several individual measurements 
to assess for pes planus deformity. The talometatarsal, 
calcaneometatarsal, and cuneiform to fifth metatarsal 
height measure the foot in one direction on a single plane 
and level of the foot. The angles alone are not able to inte-
grate information across dimensions; therefore, multiple 
angles must be used to try and accurately determine the 
severity of foot deformity—requiring multiple radiograph 
views to be taken. The TI uses one radiograph view and 
can integrate information across multiple planes and 
levels of the foot. Previous studies have shown that the 
tripod index is a highly sensitive and specific test for pes 
planus deformity.10,11 As a result, asymptomatic pes planus 
deformity occurred in 50% of our cohort. The TI’s ability 
to reliably diagnose pes planus deformities will allow 
physicians to consider preventative measures before the 
progression of symptoms. 

About two-thirds of subjects were radiographically 
diagnosed with cavovarus deformity with TI on the as-
ymptomatic contralateral side.  Cavovarus deformity com-
monly presents with bilateral deformity due to underlying 
neuromuscular conditions. In the general population, a 
diagnosis of CMT is present in 78% of bilateral cavovarus 
deformity cases.26 The progression of forefoot cavus and 
hindfoot inversion can lead to locking of the subtalar and 
Chopart joints. Once this occurs, the intrinsic muscula-
ture and plantar plate become contracted and bilateral 
rigid deformities develop. Additionally, patients often 
experience lateral forefoot overloading and increased 
tension on the lateral structures, predisposing them to 
instability and injury.23,27 Our study excluded 28% of our 
initial cohort with a diagnosis of Charcot-Marie-Tooth 
or other neurologic conditions. Although we attempted 
to control for neurologic conditions, individuals in our 
study with cavovarus deformity may have asymptom-
atic neuropathy, therefore making it difficult to detect 
symptoms in the setting of severe deformity. The bilat-
eral rigid deformity of cavovarus feet likely explains 
why our cohort of asymptomatic feet had high rates of 
radiographic diagnosis using the TI. Our study showed 
that nearly 50% of subjects with bilateral symptomatic 
cavovarus deformity underwent bilateral surgery. This 
is similar to Azmaipairashvili’s study in which CMT 
patients with cavovarus deformity underwent bilateral 
surgery 64% of the time.28 The progression of bilateral 
idiopathic cavovarus is poorly understood when compared 
to neurologic cases.19,29 Much like pes planus patients, 
adequate treatment of both feet in bilateral cases with 
orthotics, bracing, and potentially surgery may lead to 
improved function and quality of life. 

This study introduces the question whether the as-
ymptomatic foot in bilateral deformities should warrant 

close clinical follow-up. Our pes planus cohort showed 
that 12% of subjects with bilateral radiographic deformity 
developed symptoms in the asymptomatic contralateral 
foot at two years follow up. Saltzman et al reported on 47 
subjects that underwent nonoperative treatment for stage 
I and II pes planus deformities with an ankle foot orthotic 
and home physical therapy.30 At a minimum follow up of 
one year, 83% of the cohort had significant improvement 
in strength testing and 89% of the cohort avoided surgical 
intervention. Flemister et al performed a randomized con-
trol trial of 36 subjects with stage II pes planus deformities 
being treated with prefabricated orthosis.31 One group 
received home stretching therapy while the second group 
receive a home strengthening protocol for six weeks. The 
strengthening group minimal improvements in Short 
Musculoskeletal Functional Assessment (SMFA) with 
mobility and function scores without significant improve-
ments in pain scores when compared to the stretching 
group. The authors concluded that home physical therapy 
has minimal effect on outcomes during orthotic wear for 
pes planus deformity. Lin et al performed a long-term 
retrospective study on 32 subjects with stage II pes planus 
deformity being treated with double upright ankle foot 
orthosis.32 At 8.6 years follow up, they found that 84.3% 
of their cohort avoided surgery. 

Regarding cavovarus foot deformity, our cohort 
showed that 2.7% of subjects developed symptoms on the 
previously asymptomatic side at 2 years follow up. LoPic-
colo et al published his series of 93 subjects with cavus 
foot deformity that were treated with custom orthotics.33 

At two years follow up, the administered questionnaire 
showed a significant decrease in pain scores from 7.22 to 
2.41. Additionally, 92% of subjects reported improvements 
in ankle stability with orthotic wear. Diagnosing asymp-
tomatic deformities may allow physicians to appropriately 
council and educate patients regarding the contralateral 
foot deformity. This may assist in earlier recognition 
and implementation of non-operative treatment should 
patients go on to develop symptoms. 

Our study is not without limitations. Firstly, the nature 
of our retrospective study did not allow us to definitively 
determine whether severe deformity directly caused 
symptoms and may have missed subjects with bilateral 
symptoms. Although we followed subjects up to six years, 
we may not have been able to capture all the asymptom-
atic foot deformities that would eventually become symp-
tomatic. We also did not prospectively follow subjects 
clinically over time and were unable to directly determine 
whether surgical intervention improved radiographic 
foot alignment and clinical symptoms. Although our 
study reported various comorbidities within our cohort, 
we did not directly assess the influence of other factors 
that may predispose subjects to develop symptoms such 
as BMI, gender, diabetes, generalized laxity, foot size, or 
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worker’s compensation. We utilized static radiographic 
measurements to determine significant pes planus and 
cavovarus deformities. Our static measurements do not 
account for the dynamic loading or rotational abnormali-
ties of symptomatic subjects as potential causes of symp-
toms. Although our study only partially accounted for 
dynamic deformity using weight-bearing radiographs, a 
previous study by Coughlin showed that dynamic Harris 
mat prints significantly correlate with radiographic and 
clinical flatfoot deformity.34 A number of subjects had to 
be excluded from this study because an adequate bilateral 
AP view radiograph was not taken with the hemisphere 
heel marker before the subject underwent surgery on 
their symptomatic foot. 

Lastly, although our study was adequately powered 
for unilateral symptomatic subjects, our study may have 
been underpowered to detect significant differences in 
the bilateral symptomatic cohort. A priori power analysis 
based on a previous prevalence study of unilateral and 
bilateral pes planus and cavovarus deformities1 and at 
least 90% detection of these deformities11 was performed. 
We estimated that a minimum of 17 pairs with unilateral 
pes planus and 32 pairs of unilateral cavovarus deformities 
would provide 80% power to detect a significant difference 
between paired symptomatic and asymptomatic feet at an 
alpha level of 0.05.

CONCLUSION
Tripod Index has previously been shown to be a reli-

able tool for analyzing foot deformities. The results of our 
study suggest that bilateral foot deformities are common, 
and the severity of deformity between asymptomatic 
and symptomatic feet is significantly different in pes 
planus and cavovarus foot deformities. Future studies 
should correlate radiographic correction with symptom 
improvement. Additionally, future studies should assess 
whether radiographic severity of deformity warrants 
closer clinical observation.
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ABSTRACT
Background: In the setting of outpatient ortho-

paedic surgery, this pilot study utilized automated 
mobile messaging to assess (1) the feasibility of 
and interaction rates with a software delivered 
cognitive behavior therapy (CBT)  intervention for 
postoperative opioid utilization, (2) the reliability 
of patient reported opioid utilization through our 
platform, (3) daily patient reported pain and opi-
oid utilization within the first two postoperative 
weeks, and (4) the effect of software delivered CBT 
intervention on patient reported opioid utilization. 

Methods: Musculoskeletal tumor patients sched-
uled for outpatient surgery were randomized into 
two study groups. Control patients received stan-
dard postoperative communication limited to a two-
week postoperative follow-up visit. The intervention 
group received automated daily text-messages 
regarding pain, opioid utilization, and a daily CBT 
intervention. Interventional group patients also 
completed a patient satisfaction questionnaire at 
their two-week follow-up. Completion rates of all 
software delivered questions were determined in 
the interventional group. Median values of opioid 
utilization and interquartile range (IQR) were de-
termined to compare utilization between groups. 
Spearman correlation coefficients were used to 
determine reliability of patient reported opioid 
utilization in the interventional group. 

Results: Fourteen patients completed the pilot 
study (seven controls, seven intervention). Patients 
in the intervention arm completed 90% of pain 
and opioid questions.  Intervention group patients 
utilized less of their daily prescribed opioid medi-

cation (20%, IQR:10%-27%) compared to controls 
(50%, IQR:4%-68%). Correlation between in-office 
pill counts and patient reported opioid medication 
utilization via our software messaging system was 
high (r=0.90, p=0.037). 

Conclusion: Automated mobile phone mes-
saging in outpatient tumor surgery yielded high 
interaction rates. Patient reported opioid utiliza-
tion obtained through our platform demonstrated 
a high correlation with in-office pill counts. CBT 
delivered via automated mobile phone messaging 
demonstrated decreased opioid utilization in this 
pilot investigation. 

Level of evidence: II
Keywords: cognitive behavior therapy (cbt), pain 

management, opioids, mhealth, musculoskeletal 
tumors

INTRODUCTION
Opioid prescriptions rose sharply in the 1990s in a 

response to calls for better patient pain control.1-3 This 
historical increased use of opioids led to the epidemic we 
are experiencing today, with over 60% of drug overdose 
deaths involving the use of opioids in recent years.4 Opi-
oids continue to be a consistently utilized analgesic for 
relief of post-operative pain, and opioid misuse poses a 
great challenge for orthopaedic surgeons as they provide 
the third most opioid prescriptions among physicians.1, 5 

Opioid medications are particularly important in pa-
tients with musculoskeletal tumors as these patients not 
only suffer from immediate post-operative pain, but also 
chronic pain that is multifactorial in nature.5 Patients 
with cancer, especially those with bone involvement, suf-
fer from pain due to the sensitization and stimulation of 
nerve fibers that innervate bone.6 Chronic opioid use can 
lead to hyperalgesia and increased narcotic demand in the 
postoperative setting, warranting increased diligence to 
minimize the risks of opioid overdose.7

Understanding of pain and pain medication utilization 
has been difficult following orthopaedic surgical interven-
tions, in part due to a lack of standardized daily interac-
tions or communication between patients and their surgi-
cal team to assess and advise on postoperative pain and 
narcotic use. Previous work has investigated automated 
mobile phone text messaging as a means to communicate 
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with patients on a daily basis, with favorable results.8-10 
This technology can deliver predefined questions, remind-
ers, and instructions to patients directly to their mobile 
device, and is an effective way to collect patient data at 
a minimal cost.9, 11-13

Cognitive behavior therapy (CBT) is a common 
psychological intervention that has been shown to help 
patients cope with chronic pain.14 Prior work suggests 
that CBT improves post-surgical pain and that mobile 
phone delivery of CBT interventions may improve pain 
catastrophizing.15-17

In the setting of patients with musculoskeletal tumors 
undergoing outpatient orthopaedic surgery, this pilot 
study aimed to use automated mobile phone messaging 
to assess (1) the feasibility of and interaction rates with 
a software delivered CBT intervention for postoperative 
opioid utilization, (2) the reliability of patient reported opi-
oid medication utilization through our designed software 
platform, (3) daily patient reported pain and opioid medi-
cation utilization in this patient population in the first 
two postoperative weeks, and (4) the effect of a software 
delivered cognitive behavior therapy (CBT) intervention 
on patient reported opioid medication utilization. 

METHODS
This pilot investigation was approved by our insti-

tutional review board and deemed HIPAA compliant. 
Patients presenting to musculoskeletal tumor clinic were 
approached for possible inclusion in the study if they 
were undergoing an outpatient musculoskeletal tumor 
procedure. Patients provided informed consent. Patients 
choosing to participate were then randomized to one of 
two study arms utilizing a random number generator.  
The control arm received standard of care postoperative 
communication consisting of discharge from the outpa-
tient surgery center and subsequent two-week postopera-
tive follow-up appointment. No software messaging was 
sent to the control group. The intervention arm received 
daily text messages inquiring about pain and opioid use 
for that day, as well as a CBT intervention consisting of 
daily messages giving general postoperative guidance 
and encouragement. The CBT intervention messages 
also encouraged decreasing opioid medication utilization 
over the first two postoperative weeks (Table 1). The 
intervention group also attended the standard two-week 
postoperative follow-up visit. Patients in both groups were 
instructed to bring their opioid pill bottles with them to 
clinic at their two-week postoperative visit. Additionally, 
all patients in both groups were instructed according to 

Table 1. Automated Mobile Message Content and Chronology 

Postoperative 
Day Morning Cognitive Behavior Intervention Message

1 Its normally to be in pain after surgery. You are just beginning a healing process! Consider elevating your operative extremity 
to help with any pain and swelling you might be having.

2 Surgery sometimes causes temporary symptoms including numbness, tingling, cold, burning, or pain in and around the area of 
your procedure. These symptoms should decrease day by day!

3 Remember to pace your activities right after surgery. We want you to be active but remember to not overdo it right after 
surgery! Slowly progress your activity so that you are not having any unnecessary pain.

4 Remember post-surgical symptoms are temporary, think positive thoughts today and remember that your body is recovering 
and healing!

5 Know that you are supported after surgery. You are not alone! Get together with family or friends today if you have time. We 
are always here for you if you need us!

6 You are now 1 week out from surgery. Your healing process continues! Consider reducing your pain medication use if you have 
not already done this.

8 Your body continues to heal itself. Bone, muscle, and skin all make significant healing gains over the first postoperative week. 
Keep up the good work!

10 You are now 1.5 weeks out from your surgical procedure, congratulations you’ve made it through the toughest part! Take time 
today to reflect on how far you’ve come since surgery.

12 You are now almost 2 weeks into the recovery process! We look forward to seeing you in clinic soon and discussing the progress 
you have made!

Evening Pain Rating Question

0-14 Please rate your pain on a scale of 0-10, with 0 being no pain and 10 being the most pain you have ever felt.

Evening Opioid Pill Utilization Question

0-14 How many tablets of prescription pain medication have you taken in the past 24 hours?
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our standard postoperative pain control protocol, which 
includes advising patients to elevate their operative ex-
tremity, apply ice as needed, and call our clinic with any 
concerning signs including intractable pain, excessive 
swelling or consistent fevers. 

The messaging protocol completion rate was calculated 
for the intervention group. The average pain and opioid 
use reported by the patients in the intervention group was 
evaluated by day. The percentage of the prescribed, maxi-
mum allotted daily opioid medication patients reported 
taking was assessed via median values and interquartile 
range (IQR) across all participants in the intervention 
group utilizing patient reported pill counts through our 
software and compared to median value manual pill counts 
obtained from the control group at two-week follow-up. 
We elected to utilize median values and IQR to describe 
our groups given the pilot nature of this study and the 
small sample size. Pill counts in the intervention group 
reported via mobile phone messaging were compared 
to their manual pill count at two-week follow-up and 
evaluated utilizing Spearman correlation coefficients. 
Correlation was interpreted based on previously reported 
definitions of excellent (>0.70), excellent-good (0.61-0.70), 
good (0.31-0.60), and poor (0.2-0.3).18 Statistical analyses 
were performed using Microsoft Excel (Microsoft Corp., 
Redmond, WA). Alpha level for significance was set a 
priori at 0.05.

RESULTS
A total of 17 patients were enrolled with nine random-

ized to the control group and eight patients randomized 
to the intervention group. The control group consisted 

of all mass excisions, the intervention group consisted of 
six mass excisions and one curettage and bone grafting 
(Table 2). Average age was 45±13 years and nine of the 
17 patients were female. Two of the patients in the control 
group did not return with their pill bottles and thus could 
not be further evaluated regarding opioid utilization. One 
patient from the messaging group decided not to partici-
pate in the study after signing up. After exclusion of these 
patients, there were 14 total patients with seven patients 
in both the control and interventional groups.

There was a 90% completion rate of all pain and opioid 
questions through two weeks among patients in the inter-
vention arm. The two-week total of daily patient reported 
pill counts in the intervention group demonstrated good 
correlation with the pill counts from the returned bottles 
at the two-week postoperative visit (r=0.90, p=0.037) and 
is presented in Table 3. In the intervention arm, 86% of 
patients felt the automated software messages made 
them feel “somewhat” or “much more” connected to their 
care team, 71% preferred postoperative communication 
via messaging versus phone (voice) or email, and 57% of 
patients would ask for the messaging system again if they 
were to undergo another procedure. 

Daily median pain and opioid utilization (Figure 1) 
decreased in the intervention group over the course of 
the first two postoperative weeks. On post-operative day 
(POD) one the median reported pain in the interventional 
group was five (range 0-8) and 3.5 tablets of pain medica-
tion (range 0-9). On POD 10 the median reported pain 
was zero (range 0-5) with zero tablets of opioid medica-
tion utilized (range 0-4). The intervention group utilized 
20% (IQR:10%-28%) of their prescribed narcotic over the 
first two postoperative weeks versus 50% (IQR:4%-68%) 
utilization in the control group. In the intervention group, 
five of seven patients were no longer utilizing opioids on 
POD 11 and six of seven were no longer utilizing opioids 
on POD 13. 

Table 2. Procedures Undergone by 
Participating Patients

Intervention Group

Count Procedures

4 Knee mass excision

1 Arm mass excision

1 Osteochondroma excision

1 Curettage and bone grafting

Control Group

1 Chest mass excision

1 Leg sarcoma excision

2 Knee mass excision

1 Elbow lipoma excision

2 Thigh mass excision

1 Foot mass excision

1 Arm soft tissue excision

Table 3. Interventional Group Patients Clinic 
Visit vs. Reported Pill Count 

Participant Clinic Visit Pill Count SMS Reported Pill Count

1 ** 2

2 24 26

3 ** 4

4 0 16

5 3 4

6 59 59

7 17 17

SMS, Short Messaging Service; **Patient did not return prescrip-
tion opioid medication bottle at 2-week follow-up. 
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DISCUSSION
Mobile phone and software communication platforms 

are beneficial in the delivery of patient reported outcomes 
and treatment of many conditions including alcohol use 
disorder, HIV antiretroviral treatment, and diabetes.10, 

11, 19, 20 Previous work found mobile phone communica-
tion provided better data collection in comparison to 
traditional methods in patients answering post-surgical 
pain questions.21 Additionally, the patients reported the 
post-surgical mobile pain surveys were more convenient 
than traditional communication methods.21 Understanding 
of software interaction rates in the orthopaedic tumor 
population is important given evidence that increased 
communication, including via text messaging, in cancer 
patients helps this patient population cope better with 
their treatment and is ultimately associated with bet-
ter treatment outcomes.13, 22 Our group has previously 
utilized automated mobile phone messaging to interact 
with different patient populations finding interaction 
rates that approach 90%.23, 24 The current investigation 
showed that patients undergoing outpatient procedures 
for musculoskeletal tumors demonstrated a high interac-
tion rate (90%) with an automated mobile phone messag-
ing platform. We also found there was a high correlation 
between patient reported opioid medication utilization 
via our software platform and manual pill counts in 
clinic in this pilot investigation (r=0.90). In the post study 
follow-up questionnaire, patients predominantly stated 
they preferred text messaging communication versus 
other modern forms of telephone (voice) communication 

or email in the postoperative period. Additionally, four 
of seven patients stated they would want to utilize the 
mobile phone messaging platform again if they were to 
undergo another procedure.  We found that patients were 
generally accepting of our postoperative communication 
platform and interacted with the software at a high rate. 
Our results also suggested a good correlation between 
opioid medication data collected via automated mobile 
phone messaging and manual pill counts in clinic, though, 
further formal investigations are required to validate this 
finding. Given our findings, subsequent investigations 
can utilize our software communication methods when 
attempting to obtain postoperative pain and opioid data 
and also when trialing possible CBT interventions across 
different patient populations. 

Controlling patient’s pain, specifically patients with 
cancer, contributes to their ability to cope with their 
treatment and achieve a better quality of life.5, 25 Current 
understanding of the daily and short term utilization of 
opioid medication after outpatient orthopaedic tumor 
surgery is limited. This data, in addition to the natural 
history of patient reported pain after outpatient muscu-
loskeletal procedures, would be beneficial during patient 
counseling and benchmarking for normative values. 
Patients in the intervention group of this study showed 
a gradual reduction in patient reported pain scores and 
opioid utilization over the two-week study period (Figure 
1). Though this investigation is limited in scope due the 
nature of the pilot investigation, our results suggested a 
down trending course of pain and opioid medication utili-

Figure 1. Daily median pain and opioid demand in interventional group patient.
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zation over the first two postoperative weeks with nearly 
all patients reporting they were no longer utilizing opioid 
medications by the end of the second postoperative week. 

Acute and chronic pain is affected by psychological 
factors including pain catastrophizing, which ultimately 
results in interference with the patient’s activities of 
daily living and a lower quality of life. Mobile app and 
text messaging communication with patients using the 
principles of CBT is noted to be helpful and efficacious in 
the treatment of several psychological conditions and cog-
nitive problems, including pain catastrophizing.16, 17 This 
pilot investigation demonstrated lower patient reported 
opioid utilization in the experimental group receiving 
automated software communication that was designed 
on the principles of CBT, compared to a control group 
that did not receive software CBT messaging. Although 
our pilot investigation was not powered to comment on 
the statistical significance of our results, we report that 
delivery of automated mobile phone messaging protocols 
implementing CBT may be a way to decrease opioid uti-
lization in the acute postoperative period. Further work 
with a larger patient population is indicated to determine 
the true efficacy of mobile phone and software delivered 
CBT in the orthopaedic tumor patient population and 
other orthopaedic patient populations. 

This study was not without limitations. First, the study 
was a single center and single surgeon feasibility study 
which may not necessarily make our results reproducible 
across other healthcare settings. Second, our study was 
designed to test the feasibility and patient acceptance 
of daily automated mobile phone messages and a CBT 
intervention and thus had a small sample size and was not 
sufficiently powered to report findings of possible statisti-
cal significance. We also identify the patient population 
we studied was undergoing relatively low morbidity, 
outpatient surgery. This potentially skews our results 
and warrants further investigation utilizing similar 
methods in patients who are undergoing more extensive 
procedures, those with chronic pain, and patient popula-
tions who have been previously identified to be at risk for 
postoperative opioid utilization.26-29 Finally, the two-week 
follow up period was short and longer studies would be 
needed to observe effects long-term on patient outcomes. 

CONCLUSION
High mobile phone messaging interaction rates with 

our software driven communication platform and CBT 
intervention suggest this is a feasible method and commu-
nication intervention to test in other patient populations. 
Interaction rates are high in orthopaedic tumor patients 
using automated mobile phone messaging to assess post-
operative daily pain score and opioid use. Obtaining post-
operative opioid medication utilization data via automated 

mobile phone messaging suggested a good correlation 
with in-office pill counts at two weeks. CBT delivered via 
our software may reduce opioid use in orthopaedic tumor 
patients, though further work with appropriately powered 
studies are needed to properly assess this observation. 
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ABSTRACT
Background: The Oswestry Disability Index 

(ODI) is among the most widely used patient re-
ported outcome measures for the assessment of 
spinal conditions. Traditionally, the ODI has been 
administered in outpatient clinics on a face-to-face 
basis, which can be expensive and time consum-
ing. Furthermore, the percentage of patients lost 
to clinical follow-up is high, particularly after 2-5 
years. Thus, telephonic administration of the ODI, 
if valid, could be a convenient way of capturing pa-
tient outcomes and increasing follow-up rates. The 
objective of this study was to validate telephonic 
administration of the ODI compared to face-to-face 
administration. 

Methods: A convenience sample of individuals 
with and without back pain in an academic medi-
cal center were recruited for this study. Face-to-
face administration of the ODI was completed 
and retested 24 hours later via phone. Test-retest 
reliability was determined by calculating the intra-
class correlation coefficient. 

Results: 22 individuals completed the ODI ques-
tionnaire face-to-face, then via telephone 24 hours 
later. There was a mean 2% (± 3) intra-rater ODI 
score difference (range: 0% to 12%). The intra-
class correlation coefficient overall was 0.98 (95% 
CI: 0.96, 0.99, p<0.001) with a range of 0.95 to 
1.0, revealing near-perfect test-retest reliability. 

Conclusions: Administration of the ODI ques-
tionnaire over the phone has excellent test-retest 
reliability when compared to face-to-face adminis-
tration. Telephone administration is a convenient 
and reliable option for obtaining follow-up out-
comes data. 

Clinical Relevance: Telephonic administration of 
the ODI is scientifically valid, and should be an 
accepted method of data collection for state-level 
and national-level outcomes projects.

Keywords: Oswestry Disability Index; ODI; 
spine; low back pain; disability; assessment; 
questionnaire; quality of life; outcomes; validation; 
telephone

INTRODUCTION
The measurement of disability is a critical factor in 

caring for patients with spinal conditions. Although 
multiple measurement tools exist, the Oswestry Dis-
ability Index (ODI) is among the most widely used.1 
Traditionally, the ODI was collected as a patient-admin-
istered questionnaire during face-to-face clinic visits.1 
However, administration in clinic requires time and 
clinical resources. Furthermore, patients may be unable 
or unwilling to return to clinic, and the percentage lost 
to clinical follow-up is high, particularly by 2-5 years.2,3 
Thus, telephonic methods of administering ODI data 
forms would be helpful both in terms of convenience for 
the patient and provider, and also in increasing follow-up 
participation rates. Although telephone administration of 
the ODI has been reported,4 it has not been extensively 
validated. 

Recently, increased emphasis has been placed on 
public reporting of patient-outcomes data.5 The goal of 
these initiatives is to facilitate practice-based learning, 
transparency, and shared decision making for patients. 
However, there exist both inducements for success and 
penalties for poor results, and physicians and hospitals 
risk financial loss if they fail to comply.5 Specifically in 
Minnesota, the Minnesota Community Measurement 
organization (MNCM) has begun collecting and publicly 
releasing patient-reported outcome measures (PROM) 
from health care centers across the state.6 Furthermore, 
they provide a data collection guide which outlines 
acceptable forms of administration for various PROM 
tools, including the ODI.7 In recent editions, telephonic 
administration was deemed not acceptable due to a lack 
of validation.7 

Thus, further validation of the ODI administered via 
telephone is needed. Successful validation of this tool 
should be useful to promote its utility for payors and 
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governmental organizations, and should provide evi-
dence for a more convenient method of administering 
the survey for clinicians.

METHODS
Patient Selection

A convenience sample of 22 individuals with and 
without back pain in an academic medical center was 
recruited to participate in this study. Convenience sam-
pling is a type of non-probability sampling that involves 
the sample being drawn from the population close at 
hand, and the only inclusion criteria is a willingness to 
participate. Patients with symptomatic back pain (10 of 
22) were recruited from the senior author’s clinic during 
a scheduled visit for a spinal condition. The remaining 
study subjects (12 of 22) were asymptomatic support 
staff who worked in the clinic and agreed to participate. 
Mean age was 48.6 years (standard deviation ± 14.7 
years) and most subjects were women (73%). Participants 
were asked to complete the ODI questionnaire (ODI 
v 2.1a) in standard fashion.1 Twenty-four hours later, 
the test was re-administered via telephone by a single 
individual. The ODI questionnaire asks patients about 
symptoms they are experiencing “now.” Thus, the 24-
hour interval was selected in order to remain as close 
as possible to the observation period for assessing those 
current symptoms.

Administration, Scoring, and Data Analysis
Both telephone and in-person administration were 

performed in accordance with the MAPI Research Trust 
administration guidelines.8 Test-retest reliability and 
intra-class correlation coefficient (ICC) were calculated 
using SPSS Statistics Desktop, version 20.0.0 (IBM 
Corporation 2011, Armonk NY, USA).

RESULTS
Table 1 reports the patient demographic results in this 

study. The mean scaled score for both the written and 
telephone versions was 25% (range 0-70% for written and 
0-76% for telephone). There was a mean 2% (± 3) intra-
rater ODI score difference (range 0% to 12%) (Figure 1). 
The intra-class correlation coefficient overall was 0.98 
(95% CI: 0.96, 0.99, p<0.001) with a range of 0.95 to 1.0, 
revealing near-perfect test-retest reliability.

DISCUSSION
Maintaining clinical follow-up rates beyond 6-12 

months is particularly difficult, and even well conducted 
clinical trials with substantial administrative support 
frequently report less than 50% follow-up rates beyond 
5 years.3 Thus, physicians need methods of collecting 
patient outcome data that do not require face-to-face 
clinical visits, and telephonic administration holds sub-
stantial promise in that regard. However, given that many 
of the original PROM measures were designed to be 
conducted in-person, administration over the telephone 
must be validated before the method gains widespread 
acceptance.7 

In this study, we found very high reliability for tel-
ephonic administration of the ODI with an ICC of 0.98, 
suggesting near perfect test-retest reliability. In the origi-
nal publication of the ODI by Fairbank et al., reliability 
was assessed with repeated written administrations 24 
hours apart (n=22, r = 0.99).8 With an ICC of 0.98, our 
study suggests that telephonic administration is just as 
effective. 

Two primary advantages exist for administration of 
the ODI via telephone. First, it should be easier to ob-
tain clinical follow-up if telephonic administration is an 
accepted method of data collection. In a study evaluating 
the performance characteristics of the verbal QuickDash, 
follow-up could not be obtained for 17% of patients for 
the written survey, but that number dropped to 0% for 
the verbal method.9 Second, telephonic administration 
is more convenient for patients. In a study by Bokshan 
et al., which investigated the validity of spine based 
PROMs, the majority of patients (57%) preferred the 
telephone over in-person administration (29%, with 14% 
expressing no preference).4 

A limitation to this study is that all of the patients had 

Table 1: Patient Demographics

Sample Size n = 22

Female gender 16 (73%)

Scheduled clinic visit 10 (45%)

Age 48.6 ± 14.7 years

Figure 1. Oswestry Disability Index scores obtained via written and 
telephone administration.
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the ODI administered face-to-face prior to the telephone 
attempt, so they were familiar with the written format. De 
novo telephone testing may not have the same reproduc-
ibility. Other studies have used a wider interval between 
the written and telephone versions of the survey to try 
and minimize this recall bias.4 However, the ODI specifi-
cally asks patients about symptoms they are experienc-
ing “now.” Thus, we felt that a narrow window between 
the two survey administrations was most appropriate. 
Furthermore, telephone administration, while more 
convenient for the patient, may increase the burden on 
the physician’s office staff. 

CONCLUSION
Overall, telephonic administration is a well-recognized 

and validated method for multiple other PROMs across 
multiple medical disciplines,10,11 as well as for other 
PROMs in spine.4 Our data adds to this bulk of literature 
supporting this method of data collection. Telephonic ad-
ministration of the ODI is scientifically valid, and should 
be an accepted method of data collection for state-level 
and national-level outcomes projects.
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