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Introduction
Total knee arthroplasty (TKA) is a common 
orthopedic procedure, with dramatic increases 
projected over the next 30 years.1 Due to the rap-
idly expanding elderly population, TKA is 
expected to continue to rise. Elderly patients who 
present with stage III/IV osteoarthritis (OA) often 
have unrelenting pain that is not relieved by anti-
inflammatories, physical therapy, or steroids. To 
relieve pain associated with bone-on-bone expo-
sure, TKA is performed. During TKA, surgeons 

remove the diseased articular surfaces of the knee 
and insert polyethylene and metal prosthetic 
components (CoCr and TiAlV typically).2 
Currently, surgeons rely on a variety of metals 
(nickel, cobalt, chromium, molybdenum, zirco-
nium, and titanium alloys) for total joint 
implants.3 Given the dramatic increase expected 
for TKA, correlated with the aging population, 
significant rise in complications, such as infec-
tion, pulmonary embolism, pain, and stiffness 
(restricted range of motion), is expected.4,5
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However, although TKA is increasingly common 
as a method to decrease pain associated with OA, 
patient dissatisfaction is not uncommon.6–8 As 
implant design and surgical technique continue 
to improve, implant-related metal hypersensitiv-
ity has emerged as another plausible explanation 
for TKA failure and subsequent revision sur-
gery.9–16 Current screening tests are unreliable 
and inconclusive, and the vague, non-specific 
symptoms attributed to metal hypersensitivity 
make it difficult to elucidate the exact role metal 
hypersensitivity plays in TKA.2,11–18 In addition, 
most cutaneous patch testing involves metals in 
the aqueous form, which is a different exposure 
from the antigen form of the metal in the oxide 
layer of the metal implant.19,20

There is some evidence that supports that a 
delayed type IV hypersensitivity reaction (T4HR) 
can occur within the joint following primary 
TKA. Mechanistically, this reaction is mediated 
by effector T-cells, macrophages, and leukocytes 
that infiltrate at the site of implant, get exposed to 
the metal, and induce inflammatory tissue 

damage (Figure 1).18 Prior studies have found 
that the prevalence of T4HR is 25% among 
patients with a well-functioning implant and rises 
to 60% among patients with poorly functioning 
implants.3 Furthermore, cell analysis from blood 
samples revealed that patients with metal hyper-
sensitivity had increased cell surface markers 
found on T-cells (CD3+ CD45RO+) compared 
with patients presenting with debris-synovitis 
(increased CD14+ cell surface markers) or infec-
tion (CD16+ cell surface markers) at the time of 
TKA revision.18,21

Currently, there are two tests commonly per-
formed to detect metal hypersensitivity: cutane-
ous patch testing or lymphocyte transformation 
test (LTT).18,22 Patch testing exposes the skin to 
metals; however, it is doubtful that the cutaneous 
response is the same process as the response 
within the articular joint.9,10 LTT is a blood test 
that exposes the patient’s lymphocytes and mono-
cytes to metal salts to measure their proliferation 
using a radioactive nucleotide (3H-thymidine).18 
Although LTT is a quantitative assay, it has not 

Figure 1.  Mechanism of action for type IV hypersensitivity reaction (T4HR) that occurs within the joint in 
primary TKA. T4HR involves a delayed cell-mediated response following the activation of T-lymphocytes. 
Following the activation of the T-lymphocytes, inflammatory cytokines are released causing a systemic 
response, which includes the recruitment of activated macrophages at the level of implant.
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been validated, is not covered by most insurances, 
and is not readily available, and increased LTT 
has been shown to not correlate to a hypersensi-
tivity reaction within the joint.23

The clinical issue is whether some cases of TKA 
failure are due to a localized T4HR, which may 
render systemic tests falsely negative. To address 
this, it is necessary to demonstrate an intraarticu-
lar T4HR reaction. To do so, we have used the 
cell type analysis known as Cytof to compare the 
inflammatory reaction with the standard of care of 
hypersensitivity testing (LTT or patch testing). 
This technique is commonly used in immunology 
and differentiates macrophage cell types into M1 
and M2 and T-cells into Th1 and Th2. In general, 
M1 macrophages indicate pro-inflammatory, 
pathogen clearance, and tissue damage; M2 mac-
rophages are present in tissue remodeling, fibrosis, 
anti-inflammatory processes, and phagocytosis. 
Th1 cells indicate the presence of intracellular 
pathogens and Th2 cells indicate extracellular 
parasites, hypersensitivity (allergy), and asthma.

With this information, we can compare intraar-
ticular T4HR with patch and LTT results, as well 
as determine whether a combination of screening 
tests allows for a deeper level of understanding 
toward this complex reaction. The primary pur-
pose of this study is to determine the inflamma-
tory cells present in response to metal implants. 
The secondary purpose is to compare these results 
with LTT and patch test results.

Materials and methods
Institutional review board (IRB) approval for the 
collection of patient data, results of the LTT and 
patch test, and procurement of patient samples 
has been obtained (IRB Pro0002133) at Houston 
Methodist Hospital. Informed consent was 
obtained.

We evaluated two patient populations: patients 
scheduled for (1) revision TKA (11 patients) and 
(2) primary TKA with or without LTT or patch 
testing (eight patients). The first group of patients 
was being operated on for primary TKA implant 
failure. These patients had acceptable alignment 
and stability on physical examination and radio-
graphs and no other likely cause of failure. Failure 
was defined by unacceptable pain, swelling/effu-
sion, stiffness/poor range of motion, or functional 
dissatisfaction. Among patients in the revision 
TKA group, X-rays [anteroposterior (AP) and 

lateral] were obtained and reviewed by the sur-
geon prior to revision TKA to rule out sub-opti-
mal alignment issues. In the second (primary) 
group, patients received hypersensitivity testing 
for (1) concern for metal hypersensitivity, (2) 
patient having a history of repeatable and notice-
able skin reaction to inexpensive jewelry, or (3) 
prior patch test result. Some, but not all, had an 
LTT performed. If the LTT was not obtained, it 
was due to expense to the patient.

At the time of surgery, bone marrow and bone 
specimens were obtained. Specimens included 
the femur cortex, taken from the distal femur 
freshening cut. Specimens were specifically evalu-
ated for the relative prevalence of Th1 versus Th2 
T-cells and M1 versus M2 macrophages.

Processing of human specimens
Following collection of bone and synovium speci-
mens, samples were placed in 10% formalin at 
room temperature with gentle agitation for 24–
48 h. Samples were then placed in 70% ethanol 
overnight. Specifically, bone samples were decal-
cified using ethylenediaminetetraacetic acid 
(EDTA) and then cut and embedded in paraffin, 
while synovium specimens did not go through the 
decalcification step. Specimens were processed 
and stained using hematoxylin and eosin (H&E). 
H&E staining exhibited inflammatory cellular 
infiltrates in all samples.

Cytof antibody staining
Cytof staining was utilized to identify different 
inflammatory cell populations within specimens. 
The antibodies used in Cytof attach to various 
cell surface markers, allowing for the identifica-
tion of specific subpopulations of T-cells, mac-
rophages, and fibroblasts.

Metal-labeled antibodies were prepared according 
to the Fluidigm protocol.24 Antibodies were 
obtained in carrier/protein-free buffer and prepared 
using the MaxPar antibody conjugation kit 
(Fluidigm). After determining the percent yield by 
absorbance measurement at 280 nm, the metal-
labeled antibodies were diluted in Candor PBS 
Antibody Stabilization solution (Candor 
Bioscience) for long-term storage at 4°C. Antibodies 
used in this study are listed in Figure 3(e).

Samples were baked at 60°C overnight, then 
dewaxed in xylene, and rehydrated in a graded 
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series of alcohol (ethanol absolute, ethanol: 
deionized water 90:10, 80:20, 70:30, 50:50, 
0:100; 10 min each) for imaging mass cytometry. 
Heat-induced epitope retrieval was conducted in 
a water bath at 95°C in Tris buffer with Tween 20 
at pH 9 for 20 min. After immediate cooling for 
20 min, the sections were blocked with 3% bovine 
serum albumin in Tris-buffered saline (TBS) for 
1 h. For staining, the sections were incubated 
overnight at 4°C with an antibody master mix 
(Figure 3(e)). Samples were washed 4 times with 
TBS/0.1% Tween 20. For nuclear staining, the 
sections were stained with Cell-ID Intercalator 
(Fluidigm) for 5 min and washed twice with 
TBS/0.1% Tween 20. Slides were air-dried and 
stored at 4°C for ablation.

The sections were ablated with Hyperion 
(Fluidigm) for data acquisition. Imaging mass 
cytometry data were segmented by ilastik and 
CellProfiler. Histology topography cytometry 
analysis toolbox (HistoCAT) and R scripts were 
used to quantify cell number, generate 
T-distributed Stochastic Neighbor Embedding 
(T-SNE) plots, and perform neighborhood analy-
sis. For all samples, cellular densities were aver-
aged across two images per specimen.

Statistical analysis.  All statistics were performed 
using SPSS. Cell counts will be compared 
between groups using a two-tailed t-test at a 95% 
significance level. Using power analysis, with a 
power of 90%, an effect size of 0.5, and an alpha 
of 0.05, we determined that 15 patients need to 
be recruited for our study.

Results
H&E staining exhibited inflammatory cellular 
infiltrates in all samples (Figure 2). However, 
H&E was inadequate to distinguish between types 
of T-cells and macrophages. Due to these limita-
tions, Cytof staining was performed.

Cytof analysis yielded T-SNE plots, allowing for 
the assessment of cell population diversity. Only 
one patient (P8) was not able to have Cytof per-
formed due to poor DNA staining. T-SNE plots 
provide a visual representative of the cell density 
of specific cell populations based on cell surface 
markers identified by antibodies utilized.24 
T-SNE demonstrated that revision TKA cases 
demonstrated a significantly higher number of 
inflammatory cells compared with primary TKA 

(Figure 3). In general, M1 macrophages indicate 
pro-inflammatory, pathogen clearance, and tissue 
damage; M2 macrophages are present in tissue 
remodeling, fibrosis, anti-inflammatory pro-
cesses, and phagocytosis. Th1 cells indicate the 
presence of intracellular pathogens and Th2 cells 
indicate extracellular parasites, hypersensitivity 
(allergy), and asthma.

When determining whether there was a significant 
difference in Th1 versus Th2 cells (allergy) within 
each patient among primary TKA, there was no 
significant difference in Th2 (cluster 12) 
(p = 0.478) or Th2 (cluster 14) (p = 0.25) versus 
Th1 cells. Among revision cases, there was no sig-
nificant difference: Th2 (cluster 12) (p = 0.41) or 
Th2 (cluster 14) (p = 0.31) versus Th1 cells 
(Figure 4). However, when looking at mean cell 
density, revision TKA had a significantly higher 
cell density compared with primary TKA (Figure 
4(c) and (d)). In addition, revision TKA patients 
had a higher raw number of Th2 cells versus Th1 
cells except for one patient (R4, Figure 4(b)). 
When evaluating mean of cell density among pri-
mary versus revision TKA, revision TKA patients 
had a significantly higher number of Th2 (cluster 
12) cells compared with Th1 (p = 0.0043) (Figure 
4(d)). The increased prevalence of Th2 T-cells 
among revision TKA strongly indicates the pres-
ence of a T4HR among revision TKA cases.

The relative prevalence of macrophage sub-types 
was evaluated. There was no significant differ-
ence between M2 and M1 macrophages within 
individual patients who had a primary TKA 
(p = 0.17). Among revision cases, there was a 
statistically significant difference within a patient: 
M1 versus M2 (p = 0.034) (Figure 4(e) and (f)). 
However, when comparing the cell density of M1 
and M2 among revision and primary TKA cases, 
there was a significant difference in both primary 
and revision TKA surgeries (p = 0.0041 in pri-
mary, p < 0.001 in revision) (Figure 4(g) and 
(h)). This indicates there is a higher prevalence of 
M1 macrophages among revision TKA, suggest-
ing a T4HR.

When examining the number of inflammatory cells 
in each femoral cortical sample, the number of cells 
in revision TKA had a 1000-fold higher total num-
ber of cells compared with primary TKA cases 
(Figure 3). This indicates that although a T4HR is 
present, there are multiple inflammatory processes 
that are occurring in tissue surrounding the implant.
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To evaluate whether LTT (or patch) testing ade-
quately predicts patients who will have a T4HR, 
the LTT or patch testing was compared with the 
inflammatory cells found within the bone sample. 
LTT testing was performed mainly for concern 
for metal hypersensitivity and cutaneous reaction 
to jewelry. In addition, prior to revision TKA, the 
surgeon’s working diagnosis for primary TKA fail-
ure due to metal hypersensitivity occurred in 45% 
(5/11) of cases. Among the 11 revision TKA cases, 
1 patient had a patch test and 9 had an LTT 
result. Among revision patients who had a pre-
dominance of Th2 cells, four (44%) of nine 
patients had a negative LTT/ patch test. If only 
LTT results were considered, four (50%) of eight 
patients who had a negative LTT demonstrated a 
predominance of Th2 cells in bone specimens 
(Table 1). Five of nine patients had a positive 

LTT that was confirmed by Cytof staining that 
was performed on bone specimens (Table 1). This 
indicates that the current standard of care is not 
sensitive enough to capture patients who will have 
a T4HR to metal implants. However, Cyof stain-
ing provides additional information to allow for 
further understanding to this complex reaction. 
Because Cytof is able to quantify the relative prev-
alence of inflammatory cells within the joint space 
following primary TKA failure, further under-
standing of this mechanism is gained. To deter-
mine the relative presence of fibrosis, synovium 
was obtained from the same patients as secondary 
sample, and the presence of fibroblasts (indi-
cated by α-SMA (alpha – smooth muscle actin)- 
containing clusters) was determined. Among pri-
mary TKA patients, there was significantly more 
fibrosis markers present (Figure 5).

Figure 2.  (a) H&E for primary TKA bone specimens and (b) H&E for revision TKA bone specimens. Specimens 
were cut and embedded in paraffin. H&E staining was performed. Representative tissue image was selected 
for each patient. Scale bar = 50 µM.
BM, bone marrow; CB, cortical bone; F, fat; TB, trabecular bone.
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Clinical observations
Non-metal alloy implants that were used in this 
patient population included titanium tibial and 
femoral components, or surface-coated/treated 
implants. Medical conditions that were consid-
ered immunologic in nature were arthritis, aller-
gies, history of cancer, hypothyroidism, diabetes, 
gastroesophageal reflux disease (GERD), obesity, 
and hypertension. All the patients in this study 
were graded 0, +, ++, or +++ . There were no 
patients classified as ‘0’ (Tables 2 and 3).

Of the eight patients who were primary control 
patients, five had an LTT (four positive and one 
negative). We used primary TKA as the control 
because following a successful primary TKA, it is 
not feasible to utilize successful primary TKA 
patients as a control until post-mortem to obtain 
bone specimens. The four patients who had posi-
tive LTTs had negative Cytof tests. The three 
patients who had no LTT had positive Cytof 
tests. The negative LTT testing patient received a 
standard (metal alloy) implant with no clinical 
issues. Interestingly, the LTT result did not agree 
with the Cytof result in all five of the tested 
patients: four false positives and one false nega-
tive. The three patients who had a stated history 

of metal allergy (but no LTT) had a positive 
Cytof result (Table 4). This demonstrates a dis-
cordance between LTT and Th1/Th2 ratios.

In the primary group, one patient underwent a 
postoperative MUA (manipulation under anes-
thesia) with a final successful result and one 
patient in addition to a postoperative MUA 
underwent an open lysis of adhesions with a final 
range of motion of 0–90°.

For the 11 patients in the revision group, all but 
one had LTT or patch test. Four of 10 patients 
who had pre-operative testing had a negative 
LTT/patch test (Table 1). Nine of 10 had a posi-
tive Cytof test. Of patients who were clinically 
suspected for metal hypersensitivity, all but one 
received a non-metal alloy implant. One patient 
had a poor result but had three previous revision 
procedures all with a non-metal alloy implant. 
There was concordance in the LTT testing in 5 of 
10 patients (Table 1B).

Tables 2 and 3 provide information on the type of 
implants used in the primary TKA, as well as in 
the revision TKA. Differences in implants were 
due to surgeon preference rather than because of 

Figure 3.  (a) T-SNE plot primary TKA specimens (P1–P7, from top left to bottom right; P8 did not have valid DNA staining, so 
Cytof was not possible), (b) T-SNE plot revision TKA specimens (R1–R11, from top left to bottom right), (c) summary of T-cell and 
macrophage response in primary TKA, (d) summary of T-cell and macrophage response in revision TKA, and (e) Cytof antibody 
staining used on bone specimens. (b) Demonstrates increased numbers of inflammatory cells among revision TKA cases compared 
with primary TKA. (d) Revision TKA demonstrates a 1000-fold higher number of macrophages compared with primary TKA.
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Figure 4.  Th1 versus Th2 response and M1 versus M2 response: (a) primary TKA Th1 versus Th2 response by patient, (b) revision 
TKA Th1 versus Th2 response by patient, (c) difference in cell density number in primary TKA, (d) difference in cell density number 
in revision TKA, (e) primary TKA M1 versus M2 response by patient, (f) revision TKA M1 versus M2 response by patient, (g) difference 
in cell density number in primary TKA, and (h) difference in cell density number in revision TKA. (a) Primary TKA cases do not show 
a propensity for Th1 versus Th2, (b) revision TKA patients have a predominance of Th2, except for patient 9, (c) primary TKA cases do 
not show any difference in mean number of Th2 versus Th1 cells, (d) revision TKA cases have a significantly higher number of Th2 
(cluster 12) cells compared with Th1 (p = 0.0043), (e) primary TKA cases do not show a propensity for M1 versus M2 macrophages, 
(f) revision TKA patients have a predominance of M1 macrophages, except for patient 9, (g) primary TKA shows an difference in 
mean number of M2 versus M1 macrophages (p = 0.0041), and (h) revision TKA cases have a significantly higher number of M2 
macrophages compared with M1 (p  < 0.001).
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Figure 5.  α-SMA-positive cells detected in the synovium of TKA cases.

correlation to lab or clinical results. Patients 
included in the study were from four different 
orthopedic surgeons, with no one surgeon con-
tributing significantly more cases.

We utilized the Strengthening the Reporting of 
Observational studies in Epidemiology 
(STROBE) case–control reporting guidelines in 
this study. (von Elm E, Altman DG, Egger M, 
Pocock SJ, Gotzsche PC, Vandenbroucke JP. 
The Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) Statement: 
guidelines for reporting observational studies.)

Discussion
We were able to determine that among patients 
undergoing revision TKA due to no other likely 
cause of failure, specimens obtained from bone 
exhibited a presence of Th2 and M1 mac-
rophages. This suggests that a T4HR occurred 
due to the presence of the implant, possibly due 
to metal exposure. In addition, among patients 
who revealed inflammatory cell populations that 
suggested a possible T4HR via Cytof staining of 
specimens, half of the patients had negative LTT 
test pre-operatively. This suggests that metal 
hypersensitivity within the knee joint is more 
complex than systemic T4HR, and the combina-
tion of multiple screening tests may be needed to 

more accurately predict and understand the 
reaction.

The influence of metal implants on postopera-
tive outcomes is highly debated.9–16 Although 
the population rates for cutaneous metal allergy 
are low,25 metal hypersensitivity has been 
reported as a cause of implant failures due to a 
T4HR.26 Evidence of a T4HR would be deter-
mined by the predominance of Th2 and M1 
cells in the bone samples surrounding the 
implant. This study is the first study to use Cytof 
to evaluate inflammatory cells within cortical 
bone at the site of implant. Cytof was previously 
not performed in bone specimens due to the 
technical difficulty in processing the samples. In 
addition, this study utilizes an advanced tech-
nique that was able to definitively determine 
what inflammatory cells were present among 
patients who presented with a primary TKA fail-
ure that underwent a revision TKA. By utilizing 
this novel technique, we were able to determine 
that the relative prevalence of inflammatory cells 
present suggests that a T4HR reaction may have 
occurred in all but one patient (R4) among revi-
sion cases. However, Cytof also revealed that the 
inflammatory cells present following primary 
TKA failure suggest that the reaction and mech-
anism to metal implants are much more complex 
than previously thought. In R4, the absence of a 
T4HR was determined by a predominance of 
M2 macrophages, as well as Th1 cells (p < 0.05). 
Interestingly, this patient’s LTT demonstrated 
mild to moderate reactivity to nickel and vana-
dium with a documented clinical concern for 
metal allergy. The disconnect between the LTT 
and bone specimen findings may be due to the 
fact that the inflammatory reaction within the 
bone is different than the systemic inflammatory 
reaction. It could also be due to an error in 
selecting a representative specimen, as Cytof 
examines only a small area. In conclusion, 
although we are unable to determine whether the 
failure of the primary TKA would not have 
occurred if a hypoallergic implant was utilized 
among patients who exhibited a T4HR, a pre-
dominance of inflammatory cells, specifically 
cells (Th2 and M1 macrophages), suggests the 
presence of a T4HR. In addition, the discord-
ance between current test results and Cytof 
results suggests that it may be more conclusive to 
evaluate a global picture of multiple test results 
to better predict which patients would benefit 
from a non-metal alloy implant in primary TKA.
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In addition, among primary TKA, there was not 
a predominance of M1 or Th2 cells among the 
majority of patients. However, there was a pre-
dominance of Th2 cells in three patients (P1, P2, 
P3). Interestingly, these patients also had under-
lying medical conditions (i.e. type 2 diabetes, sea-
sonal allergies, hypothyroidism, asthma), 
suggesting an over-active immune response. 
Moreover, all revision TKAs had metabolic syn-
drome, which is a pro-inflammatory state. This 

suggests that a patient’s underlying medical con-
ditions may assist in determining which patients 
are at a higher risk of a T4HR.

This study showed that there is a predominance 
of many inflammatory cells following a primary 
TKA (Figure 3). This suggests that the reaction 
that occurs between a metal implant and bone is 
more complex than simply a T4HR reaction. 
Although a T4HR occurs, there seems to be other 

Table 4.  (A) Clinical outcomes of revision TKA cases and (B) primary TKA cases.

(A)

Pt # Cytof +  for T4HR Revision TKA–involved hypoallergenic 
implant

Clinically satisfactory result

R1 N Y N

R2 Y N Y

R3 Y Y Y

R4 Y Y Y

R5 Y N Y

R6 Y Y Y

R7 Y Y Y

R8 Y Y N

R9 Y N Y

R10 Y N Y

R11 Y Y Y

(B)

Pt # LTT + Cytof +  for 
T4HR

Primary TKA–involved 
hypoallergenic 
implant

Clinical 
satisfactory 
result

Any revision 
surgery with 
hypoallergenic 
implant?

P1 Y N Y Y N

P2 Y N Y Y N

P3 Y N Y Y N

P4 Y N Y N N

P5 N Y N Y N

P6 N/A Y Y Y N

P7 N/A Y Y Y N

P8 N/A Y Y Y N

LTT, lymphocyte transformation test; T4HR, type IV hypersensitivity reaction; TKA, total knee arthroplasty.
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inflammatory reactions that occur simultane-
ously. Additional studies are needed to further 
delineate the specific inflammatory reactions that 
occur when bone interacts with foreign metal to 
develop a way to predict, prevent, or decrease this 
reaction.

In addition, when evaluating the relative preva-
lence of inflammatory cells present, the clinical 
picture and clinical laboratory results were com-
pared. For patients who required a revision TKA, 
all patients had a normal C-Reactive Protein 
(CRP) and Erythrocyte Sedimentation Rate 
(ESR) value, and only two patients had elevated 
synovial fluid counts (Table 3). This demon-
strates that infection was ruled out and primary 
TKA failure was due to some other cause.

Moreover, we also evaluated the fibrosis in the 
synovium to determine whether the fibrotic envi-
ronment was different between revision TKA 
cases and primary TKA. The presence of fibro-
blasts (α-SMA positive) indicates the formation 
of a different fibrotic reaction toward the metal 
implant than the inflammatory reaction expected 
in osteoarthritis. This further suggests that the 
reaction to metal implants is complex and involves 
many different inflammatory-related cells and 
mechanisms.

Among revision TKA, we sought to determine 
whether the LTT and patch test adequately iden-
tified patients who displayed a T4HR during their 
revision case. Within our sample, we found a high 
discordance between LTT results and Cytof 
analysis. We found that the LTT and patch test 
did not capture four (44%) of nine patients; when 
examining only LTT results, four (50%) of eight 
patients had a negative result that did not match 
with Cytof analysis. However, Cytof staining is 
currently impossible to implement clinically. This 
suggests that the current standard of care for 
metal allergy testing (LTT) prior to TKA might 
be not accurate to describe a local inflammatory 
reaction. This may be because the hypersensitiv-
ity response that occurs systemically or cutane-
ously is different than the inflammatory response 
that occurs within the knee joint. The mechanism 
of antigen presentation within the joint space is 
unknown, and it is debated whether the response 
within the joint is the same as the systemic 
response. Moreover, LTT testing appears best 
suited for work-up of painful TKA with no dis-
cernible cause of failure. Prior to primary TKA, 
questioning patients about metal hypersensitivity 

(i.e. jewelry) appears to also be a good strategy to 
predict whether a non-metal alloy implant is 
warranted.

A more sensitive screening test or the use of mul-
tiple screening tests prior to TKA using different 
tissue as a probe could more accurately predict 
patients who need a non-metal alloy implant.3 
Non-metal alloy implants are often not used 
unless an LTT patch test is positive in a primary 
TKA due to the high costs associated with the 
implant. However, our data suggest that non-
metal alloy implants may be warranted in a larger 
proportion of patients undergoing TKA than pre-
viously thought. This would avoid the costs asso-
ciated with revision TKA cases and prevent the 
use of expensive hypoallergic implants in patients 
who do not display a T4HR. It may be that Cytof 
staining is too sensitive and will inappropriately 
capture patients who demonstrate a T4HR pre-
operatively, but then fail to display signs and 
symptoms of primary TKA failure clinically. 
Although it may be argued that Cytof staining has 
too high specificity, the debate remains whether 
the costs and patient morbidity associated with 
revision TKA if only LTT results are used are 
higher compared with potentially inappropriately 
utilizing non-metal alloy implants if different pre-
operative tests were to be implemented. Moreover, 
although we believe that Cytof staining is a strong 
technique to detect the inflammatory local infil-
trate, it might be logistically challenging to readily 
implement this technique clinically.

This study has some limitations. The clinical 
work-up after a primary TKA failure occurred 
because it was believed by the surgeon that the 
cause of failure was metal hypersensitivity. 
Work-up included testing for infection, postop-
erative X-rays, and a clinical examination. 
Although it is unknown whether a well-function-
ing implant creates a mild reaction within the 
bone that would mimic a T4HR, it is not possible 
to obtain bone samples from a well-functioning 
TKA except post-mortem. However, our results 
from Cytof demonstrate a significantly higher 
prevalence of Th2 T-cells and M1 macrophages. 
In addition, it could be argued that there was a 
hypersensitivity reaction to the cement, causing 
the primary TKA failure, rather than the implant. 
However, among the revision TKA surgeries, 
when a non-metal alloy implant was used in the 
revision surgery, clinically satisfactory results 
were obtained, suggesting that the implant was 
the cause of primary failure rather than the 
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cement. In addition, all revision TKA patients 
have metabolic syndrome, which is a pro-inflam-
matory state. Although this may have contributed 
to some of the inflammatory cells within the spec-
imens evaluated by Cytof, it is unlikely that the 
relative prevalence of inflammatory cells (Th1 
versus Th2, M1 versus M2) was affected by this 
medical history. Finally, there were two patients 
who had MUA, which may have resulted in 
arthrofibrosis, skewing the inflammatory cells 
present detected by Cytof. However, as MUA 
was rare, it is unlikely that the overall findings of 
this study would have changed.

In conclusion, this study suggests that primary 
TKA failure could be due to a T4HR (possibly 
due to metal presence), demonstrated by the pres-
ence of Th2 and M1 inflammatory cells present 
within the joint space following implant removal. 
This study uses Cyof to examine inflammatory 
cell populations in bone. In addition, we are able 
to demonstrate that screening tests currently uti-
lized prior to TKA may lack sensitivity and may 
miss a part of patients who exhibit a T4HR fol-
lowing primary TKA (44% in this study). This 
study should raise awareness that metal hypersen-
sitivity to implants could exist, and metal hyper-
sensitivity should be considered prior to primary 
TKA. If any concern does exist, hypoallergic 
implants should be considered. Finally, it appears 
that a patient’s medical history of cutaneous metal 
hypersensitivity provides additional information 
when considered with results gained from LTT 
and patch testing results. Thus, LTT and patch 
testing results may have limited clinical use when 
determining whether a patient needs a non-metal 
alloy implant, and the use of multiple screening 
tests should be evaluated together to provide a 
more global picture of test results.
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