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Abstract

Background: We propose a clinical classification for Failure by Immune 
Reaction to Metal debris (FIRM) in Total Joint Arthroplasty (TJA) of hip and 
knee. We also developed an evidence based diagnostic scoring system and 
estimated the treatment threshold for FIRM.

Methods: Pub Med and Embase search engines were used to identify 
original articles. We classified FIRM and identified the individual diagnostic 
criteria for each type of FIRM. For each individual diagnostic criterion we 
estimated the pooled Diagnostic Odds Ratio (DOR+) and the individual 
discriminatory FIRM (id FIRM) scores. From these scores total discriminatory 
FIRM (TdFIRM) scores were calculated.

Results: We identified a total of 39 original articles for meta-analysis. 
Based on predominant symptom of clinical presentation, we classified FIRM in 
to two types i.e., FIRMtype1 and FIRMtype2. We identified 8 individual diagnostic 
criteria for FIRMtype1 and FIRMtype2 and for each type we estimated the pooled 
diagnostic odds ratio (DOR+) and the individual discriminatory FIRM (id FIRM) 
scores. TdFIRM score scores for FIRMtype1 and FIRMtype2 were 4.83 and 4.85 
respectively. Treatment threshold for FIRMtype1 and FIRMtype2 were estimated to 
be 3.38 and 3.39 respectively.

Conclusion: This meta-analysis provides a clinically useful tool for decision 
making when evaluating a patient suspected to have developed clinical 
complication by immune reaction to metal debris from arthroplasty. Future 
studies on FIRM should utilize this scoring system in decision making and 
critically evaluate its validity.

Keywords: Total joint arthroplasty; Osteolysis; Failure by immune reaction 
to metal debris; Metal allergy; Metal hypersensitivity

Introduction
The terms metal allergy and metal hypersensitivity are used 

interchangeably in the current literature to describe a spectrum of 
complications caused by immune reaction to metal debris generated 
in total joint arthroplasty. At one end of the spectrum is dermatitis. 
The dermatitis caused by immune reaction to metal debris may be 
new in onset or exacerbation of previous lesions and, can be localized 
or generalized manifestation. 

At the other end of the spectrum is a consequence of local immune 
reaction to metal debris generated by total joint arthroplasty presenting 
clinically as a variable combination of pain in the joint, cystic lesions 
around the joint, aseptic loosening of implants and instability of 
the joint. Various terminologies exist to describe histopathological 
and imaging findings in patients with pain in the joint suspected to 
be from local reaction to metal debris after total joint arthroplasty. 
Willert et al termed the histopathological findings in these patients 
as Aseptic Lymphocyte-dominated Vasculitis-Associated Lesion 
(ALVAL) and LymphocYte-Dominated Immunological Answer 
(LYDIA) [1]. Another histopathological term ‘Metallosis’ was used by 
Korovessis et al to describe similar findings [2]. Pandit et al used the 
term ‘Pseudotumour’ to describe cystic and solid masses associated 
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with resurfacing devices [3]. Longton et al described an umbrella 
term Adverse Reaction to Metal Debris (ARMD) to describe clinical 
failures of hip joint arthroplasty presenting with pain, a large sterile 
effusion and/or macroscopic necrosis [4].

For the purpose of this study, we used the acronym ‘FIRM’ 
(Failure by Immune Reaction to Metal debris) to describe all the 
clinical failures of Total Joint Arthroplasty (TJA) in hip and also 
knee joint due to immune reaction to metal debris. The objectives 
of this study are twofold. One is to develop a classification system 
for FIRM in TJA of hip and knee that is based on distinctive clinical 
manifestations. Second is to develop a diagnostic scoring system to 
facilitate the clinician to make an accurate, evidence based diagnosis.

Materials and Methods
In January 2015, a Pub Med and Embase search was performed 

independently using two search terms ‘Metal Allergy Joint 
Replacement’ (method 1) and ‘Metal Hypersensitivity Joint 
Replacement’ (method 2) for record identification. The search term 
that yielded the maximum number of results among the two was 
used for records identification from that particular search engine. 
The duplicates among Pub Med and Embase search were identified 
and removed. The selected records were screened by reviewing 
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the abstract for clinical data on TJA patients with FIRM and were 
included for full-text review. If abstract is not available for a record, it 
was selected for full-text review by default. Of all the records selected 
for full-text review, final analysis included only the articles with 
clinical data on TJA patients with FIRM who had a negative work-up 
for the possibility of infection or neoplasm (primary or metastatic) 
and could successfully be managed by removal of implants and 
reinsertion of new implants that generate no metal debris or by 
pseudoarthrosis (positive control). In addition, we looked carefully 
to identify such additional records which we may have missed during 
Pub Med or Embase search but have the data that we are interested 
in by reviewing the references section of all the full-text reviewed 
records and if such record is found, was included in the systematic 
review and meta analysis. 

Part I: FIRM clinical classification 
By systematic review of the articles selected for final analysis, we 

identified all the described complications due to FIRM in patients 

with TJA and grouped them depending on the most commonly 
observed patterns of clinical presentation.

Part II: FIRM diagnostic scoring system
A meta-analysis was performed to develop FIRM scoring system 

using the data from the full-text reviewed records. The first step was 
calculation of pooled diagnostic odds ratio (also called likelihood 
ratio) of all the individual diagnostic criteria for each defined type of 
FIRMtype 1 to n using the formula,

 DOR+= (Most commonly observed result of a diagnostic 
criteria+0.5)/(Least commonly observed result of a diagnostic 
criteria+0.5).

Where, DOR+ is the pooled diagnostic odds ratio of a positive 
result. Addition of 0.5 to all counts is a validated statistical method to 
obtain a definable value of DOR+. Individual discriminatory FIRM 
score of each diagnostic criterion (idFIRMc1 to n) for FIRMtype 1 to n was 
derived by converting its linear DOR+ value in to logarithmic value. 

Figure 1: PRISMA Diagram showing the study flow from identification of original articles through meta-analysis.

FIRMType1 Presenting complication is predominantly dermatitis with minimal or no joint pain

FIRMtype1a Localized cutaneous reaction (either new or exacerbation of previously existing lesion; located around the replaced joint or elsewhere)

FIRMtype1b

Generalized cutaneous reaction (either new or exacerbation of previously existing lesions)
FIRM Type 2: Presenting complication is predominantly painful joint effusion (with negative work-up of infection or neoplasm) with minimal or no 

dermatitis
FIRMtype2a Well fixed implants without evidence of osteolysis/cystic lesions

FIRMtype2b Well fixed implants with evidence of osteolysis/cystic lesions

FIRMtype2c Aseptic loosening of component(s)

FIRMtype2d Instability/Dislocation of the joint

Table 1: The clinical classification of total joint arthroplasty Failure by Immune Reaction to Metal ions (FIRM).
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If all the individual diagnostic criteria identified for FIRMtype 1 to n are 
perfectly independent of each other, the total discriminatory FIRM 
score of FIRMtype 1 to n that would determine the treatment threshold 
for revision surgery can be mathematically be expressed as,

tdFIRMtype 1 to n = idFIRMc1 + idFIRMc2 ……. + idFIRMcn

Where, tdFIRMtype 1 to n is the total discriminatory score of FIRMtype1 
to n (in logarithmic scale), idFIRMc1 is the individual discriminatory 
FIRM score of a diagnostic criteria c1 for FIRMtype 1 to n (in logarithmic 
scale), and so on. If we found that the individual diagnostic criteria 
identified for FIRMtype 1 to n were partially independent of each other, 
we decided to fix the treatment threshold for revision surgery at 70% 
of the calculated tdFIRMtype1 to n for FIRMtype1 to n.

Results
When Pub Med and Embase were searched as per method 1 

using the term ‘Metal Allergy Joint Replacement’ without applying 
any other filters, 195 and 76 articles were identified respectively. 
When a similar search was conducted as per method 2 using the term 
‘Metal Hypersensitivity Joint Replacement’, 178 and 194 articles were 
identified in Pub Med and Embase respectively. The term that yielded 
maximum number of results among the two search terms was selected 
for record identification and abstract review. After removing the 
duplicates there were 334 articles available for screening of abstracts 
(Figure 1). When we included our unpublished record (MPN), we 
had a total of 335 records available for screening. We excluded 271 
records among the final 335 that were screened, as they were not 
relevant to answer this study objective. We full text reviewed the 
remaining 68 records among the 335 records that were screened. Out 
of 68 records that were full text reviewed, 29 records were excluded 
for various reasons. Hence we identified a total of 39 original articles 
with data relevant to this study. During the process of full text review 
of these 39 records, we could not identify any additional original 
articles that were not previously identified by either Pub Med or 

First Author 
(alphabetical order) Sex Joint Articulation Patch test LTT/LAT/LFT

Serum 
(Co>19µg/L
Cr>17 µg/L)

SB/RLNB Imaging XR/CT/
MRI

♀ ♂ THA TKA M N + - + - + - + - + -

Bizzoto N [5] 0 1 1 0 1 0 1 0 NT 1 0 1 0 1 0

!Dietrich KA [6] 3 0 0 4 0 4 4 0 4 0 NT NT 0 4

Erall MD [7] 1 0 1 0 1 0 NT NT NT 1 0 0 1

Handa S [8] 1 0 0 1 0 1 1 0 NT 1 0 NT 0 1

Gao X [9] 0 1 0 1 0 1 1 0 NT 1 0 1 0 0 1

Post ZD [10] 1 0 0 1 0 1 1 0 0 1 NT NT 1 0

Thomsen M [11] 1 0 0 1 0 1 NT 0 1 NT NT 0 1

Von Opstal N [12] 1 0 0 1 0 1 0 1 NT NT NT 1 0

Wong CC [13] 1 0 1 0 1 0 1 0 NT 1 0 1 0 0 1

DOR+ 3.8 2.7 2.7 6.3 1.8 9 9 2.7

idFIRMtype1 score 0.58 0.43 0.43 0.80 0.26 0.95 0.95 0.43

Table 2: The results of meta-analysis of FIRMtype1 diagnostic criteria.

LTT/LAT/LFT Lymphocyte Transformation Test(s)/Lymphocyte Activation Test(s)/ Lymphocyte Function Test(s); SB/RLNB: Skin Biopsy/ Regional Lymph Node 
Biopsy; XR/CT/MRI: X-rays/Computerized Tomography/Magnetic Resonance Imaging; THA: Total Hip Arthroplasty; TKA: Total Knee Arthroplasty; M: Hip or knee 
implant with Metal on Metal bearings or implants with Mores taper between two modular CoCr components
N Hip or knee implant with CoCr component but has no Metal on Metal bearings or Mores taper between two modular CoCr components; NT: Not Tested
! Only 3 patient’s gender was described among the 4 total reported cases.

Diagnostic criteria(C1-8) of FIRMtype1 idFIRM scores

C1. Histopathology of skin/regional lymph node(s)

Positive 0.95

Negative 0

C2. Serum (Co>19µg/L  or Cr>17µg/L)

Positive 0.95

Negative 0

C3. Skin patch test (Ni or Co or Cr)

Positive 0.80

Negative 0

C4. Sex

Female 058

Male 0

C5. Joint

Hip 0.43

Knee 0

C6. Articulation

M type! 0.43

N type@ 0

C7. Imaging (XR/CT/MRI)

Positive 0.43

Negative 0

C8. LTT/LAT/LFT

Positive 0.26

Negative 0

tdFIRMtype1 score# =

Table 3: The diagnostic scoring system for FIRMtype1 is represented below.

!M type Hip or knee implant with Metal on Metal bearings or implants with Mores 
taper between two modular CoCr components; @N type: Hip or knee implant with 
CoCr component but has no Metal on Metal bearings or Mores taper between 
two modular CoCr components; LTT/LAT/LFT: Lymphocyte Transformation 
Test(s)/Lymphocyte Activation Test(s)/Lymphocyte Function Test(s); #: The 
recommended cutoff value for the treatment threshold is 3.38.
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Embase search but had the clinical data on FIRM in patients with 
TJA. Hence, we had a total of 39 articles available for meta-analysis. 

Part I: FIRM clinical classification
Based on predominant symptom of clinical presentation, we 

classified FIRM in to two types i.e., FIRMtype1 and FIRMtype2 (Table 1). 
Further subclassification of cutaneous reaction was attempted based 
on the location of skin lesions i.e., localized or generalized. Similarly, 

subclassification of painful joint effusions was attempted based on 
further clinical qualifiers i.e., evidence of osteolysis or component 
loosening or dislocation. 

Part II: FIRM diagnostic scoring system
Nine among the 39 articles selected for final analysis had data 

on FIRMtype1 (Table 2). A total of 12 joints that developed FIRMtype1 
were identified among these 9 articles. We identified 8 individual 

First Author (alphabetical 
order) Sex Joint Articulation Patch test 

(Co,Cr,Ni) LTT/LAT
Serum 

(Co>19µg/L
Cr>17 µg/L)

HP Imaging (XR/CT/
MRI)

♀ ♂ THA TKA M N + - + - + - + - + -

Anand A [14] 0 1 0 1 0 1 1 0 NT NT 1 0 1 0

Bergschmidt P [15] 1 0 0 1 0 1 1 0 NT NT 1 0 0 1

Bernasek TL [16] ND 2 0 2 0 NT NT 1 1 1 1 0 2

Blumenfeld TJ [17] 1 0 1 0 1 0 NT NT NT 1 0 0 1

Campbell P [18] 4 1 5 0 5 0 NT NT NT 5 0 4 1

Carr AM [19] 2 1 3 0 3 0 NT NT NT 3 0 3 0

Engh CA Jr [20] ND 1 0 1 0 NT NT NT 1 0 NT

Jensen P [21] 1 0 1 0 1 0 1 0 NT NT 1 0 1 0

Kemp MA [22] 3 0 3 0 3 0 NT NT NT 3 0 3 0

!Kiran M [23] 1 1 2 0 2 0 2 0 NT 2 0 1 0 2 0

Korovessis P [2] ND 9 0 9 0 NT NT NT 9 0 9 0

Kosukegawa [24] 1 0 1 0 1 0 NT NT NT 1 0 1 0

Kumar [25] 1 1 2 0 2 0 2 0 NT 1 0 1 0 2 0

Lohmann CH [26] 24 3 27 0 27 0 NT NT 17 10 15 13 20 7

Mahendra G [27] ND 30 0 30 0 NT NT NT 30 0 25 5

Melosev I [28] ND 25 0 25 0 NT NT NT 13 4 16 9

Mikhael MM [29] 0 2 2 0 2 0 NT 1 0 0 1 1 0 0 2

Mc Master WC [30] 0 1 0 1 1 0 NT 0 1 1 0 1 0 0 1

@Nett MP 0 2 2 0 2 0 NT NT 0 2 2 0 2 0

Pandit H 13 0 13 0 13 0 NT NT NT 13 0 10 3

Perumal V [31] 1 0 1 0 1 0 1 0 NT NT 1 0 1 0

Rajpura A [32] 5 8 13 0 13 0 NT NT NT 13 0 5 8

Roessler PP [33] 0 1 1 0 1 0 1 0 NT 0 1 1 0 1 0

Singh C [34] 1 0 1 0 1 0 NT NT NT 1 0 1 0

Thakur RR [35] 4 1 0 5 0 5 2 2 NT NT 5 0 2 3

Theruvil B [36] 3 0 3 0 3 0 NT NT NT 3 0 3 0

Thomas P [37] 8 8 16 0 16 0 10 6 8 8 NT 16 0 8 8

Toms AP [38] 0 1 1 0 1 0 NT NT NT 1 0 1 0

Viveganathan B [39] 1 0 0 1 0 1 1 0 NT NT NT 1 0

#Willert HG 9 10 19 0 19 0 NT NT NT 19 0 12 5

DOR+ 2.3 21 21 2.3 1.0 1.5 8.2 2.6

idFIRMtype2 score 0.36 1.32 1.32 0.36 0 0.17 0.91 0.41

Table 4: The results of meta-analysis of FIRMtype2 diagnostic criteria.

LTT/LAT/LFT: Lymphocyte Transformation Test(s)/Lymphocyte Activation Test(s)/Lymphocyte Function Test(s); HP: Histopathology of joint tissue; XR/CT/MRI: 
X-rays/Computerized Tomography/ Magnetic Resonance Imaging; THA: Total Hip Arthroplasty TKA Total Knee Arthroplasty; M: Hip or knee implant with Metal on 
Metal bearings or implants with Mores taper between two modular CoCr components; N: Hip or knee implant with CoCr component but has no Metal on Metal bearings 
or Mores taper between two modular CoCr components, NT: Not Tested; ND: No Data; !Of the three reported cases, one case not included because of dual diagnosis 
of infection and immune reaction to metal ions; @: Unpublished data of author (MPN); #: Histopathology finding were not reported in 2 among the total of 19 patients.
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diagnostic criteria that were at least partially independent of each 
other. When we tested the statistical weight of these 8 individual 
diagnostic criteria, we identified that all are useful for diagnosis of 
FIRMtype1, but the contribution of each to the identified FIRMtype1 
idFIRMc1 to 8 scores to tdFIRMtype1 was variable. The idFIRMc1 to 8 scores 
of FIRMtype1 are represented in descending of their statistical weight in 
(Table 3). The estimated tdFIRMtype1 score of the FIRMtype1 diagnostic 
criteria was 4.83. As the identified individual diagnostic criteria were 
partially independent, the treatment threshold for revision surgery 
was estimated to be 3.38 i.e., 70% of 4.83.

Thirty among the 39 articles selected for final analysis had data 
on FIRMtype2 (Table 4). A total of 177 joints that developed FIRMtype2 
were identified among these 30 articles. We identified 8 individual 
diagnostic criteria that were partially independent of each other. 
When we tested the statistical weight of these 8 individual diagnostic 
criteria, with the exception of lymphocyte function testing, the rest 
were found to be useful for diagnostic purpose. The contribution 
of each to the identified FIRMtype2 idFIRMc1 to 7 scores to tdFIRMtype2 
was also variable. Interestingly, the contribution of each to the 
identified FIRMtype1 idFIRMc1 to 8 scores to tdFIRMtype1 score was 
different from the contribution of FIRMtype2 idFIRMc1 to 7 scores to the 
tdFIRMtype2 score. The idFIRMc1 to 7 scores of FIRMtype2 are represented 

Diagnostic criteria(C1-7) of FIRMtype2 idFIRM score

C1. Joint

Hip 1.32

Knee 0

C2. Articulation

M type! 1.32

N type@ 0

C3. Histopathology from the joint tissue

Positive 0.91

Negative 0

C4. Imaging (XR/CT/MRI)

Positive 0.41

Negative 0

C5. Sex

Female 0.36

Male 0

C6. Skin patch test (Ni or Co or Cr)

Positive 0.36

Negative 0

C7 Serum (Co>19µg/L  or Cr>17 µg/L)

Positive 0.17

Negative 0

tdFIRMtype2 score# =

Table 5: The diagnostic scoring system for FIRMtype2 is represented below.

!: M type Hip or knee implant with Metal on Metal bearings or implants with 
Mores taper between two modular CoCr components; @ N type: Hip or knee 
implant with CoCr component but has no Metal on Metal bearings or Mores 
taper between two modular CoCr components; LTT/LAT/LFT: Lymphocyte 
Transformation Test(s) /Lymphocyte Activation Test(s)/Lymphocyte Function 
Test(s); #: The recommended cutoff value for the treatment threshold is 3.39.

in descending of their statistical weight in (Table 5). The estimated 
tdFIRMtype2 score of the FIRMtype2 diagnostic criteria was 4.85. As the 
identified individual diagnostic criteria were partially independent, 
the treatment threshold for revision surgery was estimated to be 3.39 
i.e., 70% of 4.85.

Discussion
Significance of the study

This is the first proposed comprehensive classification system 
of FIRM in patients with either THA or TKA that identified and 
statistical weighed the strength of individual diagnostic criteria, 
developed of a clinically applicable diagnostic scoring system and 
estimated a threshold level for the revision surgery. 

Concerns
There are three specific concerns that we should address in detail 

regarding the methodology used in this meta-analysis. First, is the 
use of DOR+ (also called Likelihood ratio) as a single indicator of a 
diagnostic criterion’s performance compared to the traditional paired 
indices of test validity such as predictive values. The attractive features 
of likelihood ratios that are not shared by the predictive values 
are applicability to specific patient rather than relate test results to 
populations, applicability across the disease frequencies and ability to 
combine the tests in order to refine the clinical judgment [40].

Second issue concerning the methodology is to provide an 
explanation for use of logarithmic scale than a more familiar linear 
scale. The best way to estimate the strength of a differentially used 
diagnostic criteria across the studies is to convert linear scores in 
to logarithmic scores so that, the plotted score-treatment threshold 
curve will be changed from hyperbolic to sigmoid curve where usually, 
between 25% to 75% of the maximum response, the relation between 
the diagnostic scoring system and the treatment threshold will be 
linear, so that a better understanding and interpretation is possible. 
In other words, if all the included studies for meta-analysis did used 
exactly the same set of diagnostic criteria for decision making in all 
their cases, there would have been no need to convert the linear scores 
into logarithmic scale.

Third and the most important issue concerning this scoring 
system is the selection of 70% of tdFIRM score as the treatment 
threshold. Nomogram created for the Bayes theorem indicates that an 
odds ratio of 10 to 1, 100 to 1 and 1000 to 1 are equivalent to a post-test 
probability of 50%, 75% and >95% respectively [41]. As the minimum 
required tdFIRMtype1 and tdFIRMtype2 score for treating threshold is 
considered 3.38 and 3.39 respectively, the odds of being correct is 
more than 2000 to 1 or a post-test probability of approximately 99%.

Clinical application
It is important to understand that though 7 out of 8 tested 

diagnostic criteria for FIRMtype1 and FIRMtype2 are the same, their 
contribution to their respective tdFIRM score is different based on the 
strength of the odds ratio of each individual diagnostic criteria. The 
gender of the patient, the joint under evaluation and availability of 
previous surgical records provides pre-test tdFIRM score for a patient 
under evaluation for FIRM. Depending on the pre-test tdFIRM score, 
this scoring system provides clinicians with flexibility to decide 
which among the 5 tests (Histopathology/Imaging/Path test/Serum 
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ion level/Lymphocyte based tests) to perform to either rule in or rule 
out a possibility of reaching the treatment threshold value of tdFIRM. 
For example, a male patient with total knee arthroplasty with an N 
type implant under evaluation for suspected FIRMtype1 has a pre-test 
score of zero. To make a diagnosis of FIRMtype1 in him all the 5 tests 
need to be positive to cross the treatment threshold of 3.38. On the 
contrary, a female patient with total hip arthroplasty with an M type 
implant under evaluation for suspected FIRMtype2 has a pre-test score 
of 3. Hence, she would reach a treatment threshold of 3.39 if either 
histopathology or imaging is positive. If the imaging is negative for 
her and the clinician would like to reserve histopathology as the 
last resort for diagnosis as it is an operative procedure, treatment 
threshold can be reached with a positive patch test and positive serum 
metal ion levels.

Conclusion 
This meta-analysis provides a clinically useful tool for decision 

making when evaluating a patient suspected to have developed clinical 
complication by immune reaction to metal debris from arthroplasty. 
Future studies on FIRM should utilize this scoring system in decision 
making and critically evaluate its validity.
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