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ABSTRACT

Objectives Ochronotic spondyloarthropathy represents
one of the main clinical manifestations of alkaptonuria
(AKU); however, prospective data and description of the
effect of nitisinone treatment are lacking.

Methods Patients with AKU aged 25 years or older were
randomly assigned to receive either oral nitisinone 10 mg/
day (N=69) or no treatment (N=69). Spine radiographs
were recorded yearly at baseline, 12, 24, 36 and 48
months, and the images were scored for the presence of
intervertebral space narrowing, soft tissue calcifications,
vacuum phenomena, osteophytes/hyperostosis and spinal
fusion in the cervical, thoracic and lumbosacral segment at
each of the time points.

Results At baseline, narrowing of the intervertebral
spaces, the presence of osteophytes/hyperostosis and
calcifications were the three most frequent radiographic
features in AKU. The rate of progression of the five main
features during the 4 years, ranked from the highest to
lowest was as follows: intervertebral spaces narrowing,
calcifications, vacuum phenomena, osteophytes/
hyperostosis and fusions. The rate of progression did not
differ between the treated and untreated groups in any of
the five radiographic parameters except for a slower rate
of progression (sum of all five features) in the treatment
group compared with the control group (0.45 (1.11)
nitisinone vs 0.74 (1.11) controls, p=0.049) in the thoracic
segment.

Conclusion The present study shows a relatively slow but
significant worsening of radiographic features in patients
with AKU over 4 years. Our results demonstrate a modest
beneficial effect of 10 mg/day of nitisinone on the slowly
progressing spondylosis in AKU during the relatively limited
follow-up time.

Trial registration number NCT01916382.

INTRODUCTION

Alkaptonuria (AKU) is an autosomal reces-
sive inherited condition (OMIM#203500)
characterised by a lack of homogentisate 1,2
dioxygenase (HGD) activity (EC:1.13.11.5),
due to mutations at the HGD gene loci,
leading to accumulation of homogentisic acid
(HGA)." HGA undergoes oxidation via a

WHAT IS ALREADY KNOWN ON THIS TOPIC

= There is a substantial lack of information about the
pattern, localisation and the frequency of spine in-
volvement in patients with alkaptonuria (AKU) as
well as effects of nitisinone on the radiographic pro-
gression of the spondylosis.

WHAT THIS STUDY ADDS

= Intervertebral disc-space narrowing, the presence
of osteophytes/hyperostosis and calcification were
the three most frequent radiological features in AKU.

= The most affected spine region being lumbosacral,
followed by the thoracic and cervical segments.
Narrowing of the intervertebral spaces, calcifica-
tions and vacuum phenomena had the highest rate
of radiographic progression, and nitisinone had a
modest beneficial effect on the slowly progressing
AKU spondylosis features in the thoracic spine as
well as on the pain in the cervical segment.

HOW THIS STUDY MIGHT AFFECT RESEARCH,

PRACTICE OR POLICY

= Our results demonstrate a modest beneficial effect
of nitisinone 10 mg/day on the slowly progressing
AKU spondylosis over this time period.

benzoquinone acetate intermediary, resulting
in deposition of melanin-like HGA pigment
in joint and spine cartilage, tendons and liga-
ments, in a process known as ochronosis.!
The ochronotic spine becomes rigid and
liable to further changes resulting in severe
disability. The prevalence of AKU worldwide
is estimated at 1:250 000 to 1:500 000, however
the frequency as high as 1:19000 has been
observed in some countries such as Slovakia.”

Although spondylosis represents a clinical
hallmark of AKU, little is known about the
pattern, localisation and the frequency of
spine involvement in untreated AKU. Current
data, consisting mostly of case reports and
cross-sectional studies, often provide incon-
clusive results.®” There is no information on
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potential factors that could affect AKU spondylosis such
as age, gender, body weight and body mass index (BMI).
There is incomplete data from objective assessments as to
what age spondylosis takes hold and starts evolving over
time. Spinal disease in AKU is said to begin at about age
30 years both in terms of symptoms as well as radiolog-
ical change.® Some of the features reported are interver-
tebral disc-space narrowing, intervertebral disc prolapse,
intervertebral disc calcification, vacuum phenomenon,
osteophyte formation, osteopenia, marginal sclerosis of
adjoining vertebral bodies, fibrous and bony interverte-
bral bridging with eventual fusion and formation of block
vertebrae with obliteration of disc spaces, calcification of
spinal ligaments, spinal cord compression and vertebral
fracture.®” As far as we are aware, there has never been a
report on the spinal features’ progression using prospec-
tive data except for one study using scintigraphy rather
than plain radiographs.’

A new therapy was approved by the European Medi-
cines Agency in 2020; nitisinone, an inhibitor of
4-hydroxyphenylpyruvaye dioxygenase, has been shown
to slow the progression of AKU disease overall by substan-
tially decreasing HGA formation.*"Whetheranitisinone-
mediated decrease in HGA could decrease spondylosis
and stabilise spinal damage in AKU is not established. A
statistically significant effect of nitisinone on the number
of segments with spinal pain was, however, observed in a
large cohort of patients with AKU who participated in the
randomised control trial (SONIA 2; Suitability of Nitisi-
none in Alkaptonuria 2).* Recent observations in human
AKU suggests that ochronosis, visible externally in the
ear and eyes, may reverse significantly post-nitisinone,
bringing hope to those with advanced AKU disease.® The
current data analysis from the SONIA 2 study offers an
opportunity to better understand how spine features in
AKU evolve and to test the effect of nitisinone on spinal
disease over a 4-year follow-up.

MATERIALS AND METHODS

The SONIA 2 study was a 4-year, open-label, evaluator-
blinded, multicentre, randomised, no treatment
controlled, parallel-group study to investigate the effi-
cacy and safety of nitisinone 10mg/day for patients
with AKU, registered at ClinicalTrials.gov. The study was
performed at three investigational sites between May
2014 and February 2019. The participating sites in this
multinational study were: Liverpool University Hospi-
tals NHS Foundation Trusts, Liverpool, UK; National
Institute of Rheumatic Diseases, Piestany, Slovakia;
and Hopital Necker-Enfants Malades, Paris, France. All
patients provided written informed consent prior to
inclusion in the study. Independent ethics committees at
each centre approved the study. All patients have been
previously reported.® This prior article dealt with efficacy
and safety of one time per day nitisinone for patients with
AKU whereas in this manuscript we report radiographic
features progression and effects of nitisinone on the

spinal disease. A detailed description of the study partic-
ipants and its design has been previously published.®
Briefly, 138 patients with a confirmed diagnosis of AKU,
and any clinical manifestation in addition to increased
HGA, were randomised so that 69 patients received nitis-
inone and 69 received no treatment. Use of placebo
was not possible in the study because one of the signs
of the disease is that the urine darkens due to oxidation
of excreted HGA. Patients can therefore easily notice if
they are receiving active drug or not. Instead, the study
was evaluator blinded as far as possible. Assessments that
did not require direct contact between the evaluator and
the patient were masked during the entire study. In total,
108 patients completed the study. The main reason for
discontinuation in the control group was withdrawal of
consent (10 patients), whereas there were nine adverse
events leading to withdrawal in the nitisinone group.
SONIA 2 inclusion and exclusion criteria are described
in the online supplemental tables S1 and S2.

Oral nitisinone (Orfadin, Swedish Orphan Biovitrum,
Stockholm, Sweden) 10mg/day was administered
as a single capsule in the treated group. There were
no restrictions regarding concomitant medications.
Patients in both groups could freely use analgesics, anti-
inflammatory drugs, and other drugs as needed to treat
symptoms of AKU.

The assessments done at each visit are described in
online supplemental table S3, including HGA measure-
ments, medical history and physical examination, and a
wide range of clinical outcome measures expressed as the
clinical Alkaptonuria Severity Score Index (cAKUSSI).?
Standardised photographs of eyes and ears were taken at
each site at baseline and then annually, that is, after 12,
24, 36 and 48 months. These digital photographs, from
all centres, were scored with respect to pigmentation by
a single trained analyst blinded for patient’s treatment.
The presence or absence of pain in the cervical, thoracic,
lumbar and sacral spine segments was recorded at base-
line and after 12, 24, 36 and 48 months.

Spine radiographs, originally for the measurement of
Cobb angles (scoliosis and kyphosis), consisting of images
of cervical, thoracic and lumbosacral segments in the
anteroposterior and lateral projections were recorded at
baseline and yearly thereafter using GE Optima XR646 in
(General Electric Company, Boston, Massachusetts, USA)
or Kodak DirectView DR7500 (Carestream Health, Roch-
ester New York, USA). The digital images of the spine
segments were automatically merged using Auto Image
Paste function of GE Optima service software. At the end
of the study, two experienced radiologists (JS and MU),
blinded for patients’ treatment, performed the image
analysis for all centres. Differences between the two
evaluators were subsequently reconciled and the agreed
value was use for the statistical analysis. Five radiographic
features, not included in the original analysis of study
data, were assessed in the cervical, thoracic and lumbo-
sacral segments and scored. These features and their
respective scoring were following: presence of narrowing

2

Imrich R, et al. RMD Open 2022;8:¢002422. doi:10.1136/rmdopen-2022-002422

"JybuAdoo Agq paroslold 1sanb Aq €202 ‘2T Arenuer uo jwod’[wg uadopwi//:dny woly papeojumod "2z0z 1890190 TZ U0 ZzZy200-220z-uadopwl/oeTT 0T Se paysiignd 141 :uado QY


https://dx.doi.org/10.1136/rmdopen-2022-002422
https://dx.doi.org/10.1136/rmdopen-2022-002422
http://rmdopen.bmj.com/

: "'“'"Tm ;‘W 3 » € ’:%
Figure 1 Examples of radiographic features in the cervical
(A), thoracic (B) and lumbosacral (C) regions of the spine in
woman in her 60s (A), man in his 60s (B) and man in his 50s
(C) with alkaptonuria: narrowing of the intervertebral space
(black full arrow), soft tissue calcifications (black dashed
arrow), vacuum phenomena (white full arrow), osteophytes
and/or hyperostosis (white dashed arrow) and spinal fusion
(black dash dot arrow).

of the intervertebral space (0—none, l—moderate,
2—extensive), soft tissue calcifications in intervertebral
discs and spinal ligaments (0—mnone, 1—slightly visible,
2—extensive, clearly visible, vacaum phenomena, that
is, presence of air space in a degenerated intervertebral
disc (0—none, 1—one per segment, 2—two or more
per segment), osteophytes and/or hyperostosis (0—
none, l—non-overbridging, 2—overbridging) and spinal
fusion (0—none, 1—one per segment, 2—two or more
per segment) (figure 1). The sum of scores was defined as
scorexnumber of patients at each of the scoring levels, that
is, score=0, score=1 and score=2, and also calculated for all
scores>1 (each feature separately or combined features).
Total scores were defined as sum of scores (cervical)+sum
of scores (thoracic)+sum of scores (lumbosacral) at each
of the scoring levels, and also calculated for all scores>1
(each feature separately or combined features). The rate
of progression was defined as the difference between sum
of scores in all three spine regions between Month 48
and baseline. After the scoring of radiographic features
in duplicates, that is, by two radiologists, the coefficient
of variation (CV) was calculated using formula CV=(SD/
mean)x100. For the CV calculation all score values were
increased by 1 to avoid 0 value entering the formula. The
CV values were following: narrowing of the interverte-
bral space 2.83%, soft tissue calcifications 3.78%, vacuum
phenomena 1.57%, osteophytes and/or hyperostosis
3.77% and spinal fusion 0.94%.

Statistical analyses were performed using IBM SPSS
Statistics V.19 (SPSS, Chicago, Illinois, USA). All statis-
tics carried out in the current analyses were post hoc.
Group differences in mean values were analysed by the
Student’s t-test or the Mann-Whitney U test, depending
on the normality of the data distributions. Basic demo-
graphic and clinical data were correlated with X-ray anal-
ysis outcomes using the Pearson and partial correlation
tests. The stepwise univariable linear regression anal-
ysis for each of the five radiographic features scores, as
well as the sum of all five radiographic scorings for all
three spine segments, were used as dependent variables;

and age, body height, body weight, BMI, serum HGA
(sHGA), 24-h urinary HGA excretion (uHGA,),), eye and
ear ochronosis as independent variables. The %* test was
used to compare frequencies of scores 0, 1 and 2 between
men and women at baseline. Fisher’s exact test was used
to compare proportion of patients with improvement of
spinal pain between the nitisinone and control groups. All
values are expressed as mean SD unless stated otherwise.
A p value of <0.05 was considered statistically significant.

RESULTS
Baseline demographic data and clinical characteristics
of patients with AKU included in the study are shown in
table 1.

Overall, there were more men (N=85, 66.6%) than
women (N=53, 33.3%) entering the study. At baseline,
male patients did not differ in age, BMI and serum HGA,
but had higher body height (p<0.001), body weight
(p<0.001), urinary HGA (p<0.01) and cAKUSSI (p<0.05)
compared to women.

Atbaseline, patientsin the treatmentand non-treatment
groups had comparable demographic and clinical char-
acteristics except higher (p<0.05) eye ochronosis score in
the nitisinone group compared with controls. When the
demographic and clinical features at baseline were anal-
ysed in men and women separately, there were no signif-
icant differences between treatment and non-treatment
groups in all studied parameters except higher (p<0.05)
eye ochronosis in nitisinone-treated women compared
with women in the control group.

At baseline, narrowing of the intervertebral spaces, the
presence of osteophytes/hyperostosis and calcifications
were the three most frequent radiographic pathologies
found in patients with AKU with total scores in the spine
of 500, 409 and 381 points in the three segments, respec-
tively (table 2, online supplemental figure S2).

When analysed for the presence (score>1) or absence
(score=0) of any of the five distinct X-ray features studied,
the most affected spine region was the lumbosacral,
followed by the thoracic and the least affected cervical
segments.

In general, the lower severity (score=1) was more
common for calcifications and the presence of osteo-
phytes/hyperostosis in the cervical spine, while more
patients had narrowing of the intervertebral spaces and
vacuum phenomena with high severity (score=2) in this
spine segment. In the thoracic and lumbosacral regions,
the high severity score (score=2) was more frequent than
the low severity score (score=1) for all five pathologies
except spinal fusions in the thoracic segment. Male and
female patients with AKU did not differ in frequencies
of score 0, 1 or 2 across the spine segments or in the five
pathologies studied at baseline (table 1).

As expected, all the five studied spine pathologies
correlated positively with age (p<0.001) (figure 2, online
supplemental table S4). When adjusted for age; there were
positive correlations among the radiographic features and
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Table 2 Patient numbers, frequencies and scores of five radiographic features, that is, narrowing of the intervertebral space,
soft tissue calcifications, vacuum phenomena, osteophytes and/or hyperostosis and spinal fusion in the cervical, thoracic and
lumbosacral regions of spine in 138 patients with alkaptonuria (N=138) at the baseline. Sum of scores=scoringxnumber of
patients. Total score=sum of scores (cervical)+sum of scores (thoracic)+sum of scores (lumbosacral)

Cervical Thoracic Lumbosacral

Scoring Number of Sum of Number of Sum of Number of Sum of Cumulative
patients (%) scores patients (%) scores patients (%) scores score
Narrowing of the intervertebral space

0 52 (37.7) 0 40 (29.0) 0 25 (18.1) 0 0

1 38 (27.5) 38 40 (29.0) 40 16 (11.6) 16 94

2 48 (34.8) 96 58 (42.0) 116 97 (70.3 194 406

>1 86 (62.3) 134 98 (71.0) 156 113 (81.9) 210 500
Calcifications

0 104 (75.4) 0 36 (26.1) 0 32 (23.2) 0 0

1 32 (238.2) 32 42 (30.4) 42 29 (21.0) 29 103

2 2(1.4) 4 60 (43.5) 120 77 (55.8) 154 278

>1 34 (24.6) 36 102 (73.9) 162 106 (76.8) 183 381
Vacuum phenomena

0 95 (68.8) 0 96 (69.6) 0 51 (37) 0 0

1 16 (11.6) 16 15 (10.9) 15 23 (16.7) 23 54

2 27 (19.6) 54 27 (19.6) 54 64 (46.4) 128 236

>1 43 (31.2) 70 42 (30.5) 69 87 (63.0) 151 290
Osteophytes/hyperostosis

0 60 (43.5) 0 46 (33.3) 0 35 (25.4) 0 0

1 60 (43.5) 60 42 (30.4) 42 35 (25.4) 35 137

2 18 (13.0) 36 50 (36.2) 100 68 (49.3) 136 272

>1 78 (56.5) 96 92 (66.7) 142 103 (74.7) 171 409
Spinal fusions

0 133 (96.4) 0 119 (86.2) 0 111 (80.4) 0 0

1 3(2.2) 3 13 (9.4) 13 11 (8.0) 11 27

2 2(1.4) 4 6 (4.3) 12 16 (11.6) 32 48

>1 5 (3.6) 7 19 (13.8) 25 27 (19.6) 43 75

cAKUSSI components related to the spine as well as non-
spine osteoarticular disease (online supplemental table S4).

Effects of age, body height, body weight, BMI, sHGA,
uHGA,,, cAKUSSI and eye and ear ochronosis on the
X-ray features was analysed using the stepwise linear
regression models (table 3).

An assessment of multicollinearity showed that models
that included cAKUSSI as independent variable were
highly correlated with age (tolerance <0.75), therefore
cAKUSSI was excluded from the further linear regression
analysis (data not shown). Correlations between baseline
sHGA and age (r=0.23) aswell as between baseline uHGA,,
and age (r=-0.21) were relatively weaker compared with
cAKUSSI versus age, therefore the biochemical parame-
ters were entered to the regression as independent vari-
ables. The regression models consisting of age alone or
in combination with ear ochronosis were the best indica-
tors of the studied radiographic features (table 3).

The 4-year follow-up of the SONIA 2 clinical trial
allowed us to analyse radiographic progression of the
spondylosis in the spine of patients with AKU (figure 3).
The rate of progression during the 4-year observation
period in patients with untreated AKU who completed
the study (N=55) was the following (mean (SD) differ-
ence of scores between Year 4 and baseline): narrowing
of the intervertebral spaces 0.46 (0.82), calcifications
0.46 (0.77), vacuum phenomena 0.44 (0.88), osteo-
phytes/hyperostosis 0.30 (0.50) and fusions 0.07 (0.33).
The rate of progression during the 4-year observation
period in nitisinone-treated patients who completed the
study at visit 6 (N=57) was the following: narrowing of
the intervertebral spaces 0.46 (0.71), calcifications 0.36
(0.67), osteophytes/hyperostosis 0.30 (0.54), vacuum
phenomena 0.29 (0.73) and fusions 0.11 (0.37).

The rate of progression during the 4-year period did
not differ between the treated and untreated groups in

Imrich R, et al. RMD Open 2022;8:€002422. doi:10.1136/rmdopen-2022-002422

5

"JybuAdoo Agq paroslold 1senb Aq €202 ‘2T Arenuer uo jwod’[wg uadopui//:dny woly papeojumod "2z0z 1990190 TZ U0 ZzZi200-220z-uadopwl/oeTT 0T St paysiignd 1s.41 :uado ainy


https://dx.doi.org/10.1136/rmdopen-2022-002422
http://rmdopen.bmj.com/

Narrowing of the intervertebral space

20 30 40 50 60 70 80
Age (years)

®  Age vs Spinal stenosis score
—— %=0.60, p<0.001

Calcifications score

20 30 40 50 60 70 80
Age (years)

® Age vs Calcification score
—— ?=0.55, p<0.001

Vacuum phenomena score

Osteophytes/Hyperostosis score

30 40 50 60 70 80
Age (years)

@ Age vs Vacuum phenomena score
—— =0.21, p<0.001

o

g

g 4 e o o
?

@

5 ® o oo
2

3

w2 ® 00  0000eeee o
©

£

S

& o oo J

o
3
.

20 30 40 50 60 70 80

@ Age vs Fusion score
—— =021, p<0.001

Age (years)

Age vs Sum of all spine phenomena

30 40 50 60 70 80
Age (years)

®  Age vs Osteophytes/Hyperostosis score
—— =0.53, p<0.001

Age (years)

@ Age vs Sum of all spine phenomena
—— =061, p<0.001

Figure 2 Correlations between cumulative scores (cervical+thoracic+lumbosacral) for each of the five radiographic features,
that is, narrowing of the intervertebral space (top left), soft tissue calcifications (bottom left), vacuum phenomena (top centre),
osteophytes and/or hyperostosis (bottom centre) and spinal fusion (top right) and age in the spine of patients with alkaptonuria
as well as between age and the sum of scoring in all five radiographic features (bottom right). The squared Pearson correlation
coefficient (r?) and respective p value are showed under each of the panels.

any of the five major X-ray features. When the rate of
progression was analysed for each of the three spinal
segments separately, the patients on nitisinone and
controls had comparable increment of scores in each of
the five radiographic features. When the rate of progres-
sion was analysed for the separate spine segments as a sum
of all scores for the five features, the rate of progression
was significantly slower (0.45 (1.11) in the in nitisinone
group compared with 0.74 (1.11) in the control group,
p=0.049) in the thoracic segment (figure 4). The general
linear model for repeated measures (with or without age
as a covariate) did not find any significant time versus
treatment group interaction indicating no effect of nitis-
inone on radiographic feature progression during the
4-year observation interval.

The radiographic progression of thoracic narrowing of
the intervertebral spaces and calcifications, in the pooled
patient population irrespective of treatment group,
was significantly faster in the women than in the men
(narrowing: 0.11 (0.32) in men vs 0.27 (0.50) in women,
p=0.05; calcifications: 0.11 (0.36) in men vs 0.32 (0.57) in
women, p=0.02). The rate of progression of osteophytes/
hyperostosis in all spine segments combined was also
faster in the women than in the men (0.23 (0.49) in men
vs 0.41 (0.55), p=0.033).

The proportion of patients reporting an improvement
in cervical spine pain was significantly higher in the
nitisinone group compared with the control group (20

out of 55 in the nitisinone vs 8 out of 54 in the control
group, p=0.015) at Month 48. The proportion of patients
reporting the pain improvement in the thoracic, lumbar
and sacral segments were comparable between nitisinone
and control groups at Month 48.

DISCUSSION

The present study shows a significant worsening of radi-
ographic features, that is, narrowing of intervertebral
spaces, calcifications, vacuum phenomena, osteophytes
and/or hyperostosis and spinal fusions, in patients with
untreated AKU during the 4-year period, offering direct
evidence for progression of AKU spondylosis in this
prospective cohort. The present results are in line with
previous cross-sectional data and case reports confirming
that AKU spondyloarthropathy represents a hallmark
feature of the disease’s natural history.” ' '* Regarding a
specific anatomical location, our findings of the lumbosa-
cral region being the most affected suggest that AKU
spondylitis to a great extend mirrors degeneration of
intervertebral discs leading to spondyloarthropathy in
the general population.'

The age-related distribution of the radiographic
features at baseline in our pooled (nitisinone and
control group) data set shows that except for the spinal
fusions, all the studied radiographic features can be
detected before age 40 years, and in two of our patients
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Table 3 The stepwise univariable linear regression analysis of each of the five radiographic features scorings for all three
spine segments, as well as their sum, as dependent variables. Age, body height, body weight, body mass index, sHGA,

UHGA,,, eye and ear ochronosis of patients with alkaptonuria were entered into the regression as independent variables
Variable Model R? Significance F change B (SE) Beta Significance Tolerance
Narrowing Age 0.60 <0.0001 Constant: —4.14 (0.56) <0.0001
i"rftgr‘je cbral Age: 0.16 (0.01) 078 <0.0001 1.00
space Age 0.63 <0.0001 Constant: —-3.96 (0.56) <0.0001
Ear ochronosis Age: 0.15 (0.01) 0.70 <0.0001 0.84
Ear ochronosis: 0.15 (0.04) 0.20 <0.0001 0.84
Age 0.65 <0.0001 Constant: —4.45 (0.58) <0.0001
Eﬁg/’fhro”os‘is Age: 0.14 (0.01) 0.66 <0.0001 0.80
Ear ochronosis: 0.15 (0.04) 0.20 0.001 0.84
sHGA: 0.03 (0.01) 0.13 0.015 0.95
Calcifications Age 0.55 <0.0001 Constant: -3.4 (0.50) <0.0001
Age: 0.13 (0.01) 0.74 <0.0001 1.00
Age 0.60 <0.0001 Constant: —3.05 (0.50)
FEFEEIENEES Age: 0.11 (0.01) 0.64 <0.0001 0.84
Ear ochronosis: 0.16 (0.04) 0.25 <0.0001 0.84
Vacuum Age 0.21 <0.0001 Constant: —1.50 (0.61) 0.019
phenomena Age: 0.07 (0.01) 0.46 <0.0001 1.00
Age sHGA 0.23 0.020 Constant: -2.01 (0.65) 0.002
Age: 0.07 (0.01) 0.42 <0.0001 0.95
sHGA: 0.03 (0.01) 0.18 0.020 0.95
Osteophytes Age 0.53 <0.0001 Constant: —3.99 (0.57) 0.02
ﬁ;perostosis Age: 0.13 (0.01) 0.66 <0.0001 1.00
Age 0.55 <0.0001 Constant: -3.76 (0.57) <0.0001
ElochiDuesR Age: 0.13 (0.01) 0.65 <0.0001 0.84
Ear ochronosis: 0.13 (0.05) 0.17 0.005 0.84
Fusions Age 0.21 <0.0001 Constant: —1.65 (0.38) <0.0001
Age: 0.04 (0.01) 0.46 <0.0001 1.00
Age 0.26 0.003 Constant: 3.50 (1.73) 0.044
Height Age: 0.04 (0.01) 0.36 <0.0001 0.84
Height: —0.03 (0.01) -0.25 0.003 0.84
Age 0.29 0.015 Constant: 3.06 (1.70) 0.077
::g;t Age: 0.03 (0.01) 0.32 <0.0001 0.81
Height: —0.03 (0.01) -0.24 0.003 0.84
sHGA: 0.02 (0.01) 0.18 0.015 0.95
Sumof all X-  Age 0.61 <0.0001 Constant: —14.62 (1.85) <0.0001
ray features Age: 0.55 (0.04) 0.78 <0.0001 1.00
Age 0.64 <0.0001 Constant: =13.99 (1.79) <0.0001
FEFEEIEeES Age: 0.50 (0.04) 0.71 <0.0001 084
Ear ochronosis: 0.51 (0.15) 0.20 0.001 0.84
Age 0.66 <0.0001 Constant:-15.90 (1.90)
Ear ochronosis
SHGA Age: 0.48 (0.04) 0.68 <0.0001 0.80
Ear ochronosis: 0.50 (0.14) 0.19 0.001 0.84
sHGA: 0.10 (0.04) 0.13 0.013 0.95

Serum homogentisic acid (SHGA), 24-h urinary homogentisic acid excretion (UHGA, ).
uHGA24, Serum homogentisic acid (sHGA), 24-h urinary homogentisic acid excretion.

they were present even before age 30. This agrees with
Phornphutkul and colleagues who showed low composite
radiographic score for the severity of spinal and joint
disease until age 30, after which it rose in a roughly linear

fashion with age in their cross-sectional amalysis.6 More
recent data have confirmed the presence of spondyloar-
thropathy in about 9% of patients with AKU younger
than 25 years with 18F-fluorodeoxyglucose positron
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Figure 3 Radiographic scores (mean, SE), that is, narrowing of the intervertebral space (top left), soft tissue calcifications
(top right), vacuum phenomena (mid left), osteophytes and/or hyperostosis (mid right), spinal fusion (bottom left) and sum of all
features in all spine segments (bottom right) in 69 (N=69) patients with alkaptonuria on nitisinone 10 mg/day (black circles, full

line) and in 69 (N=69) untreated patients during 48 months.

emission tomography/computed tomography (18F-FDG
PET/CT) uptake, suggesting even earlier development
of bone and cartilage structural changes in AKU.”

The second aim of the present study was to investigate
effects of the 4-year treatment with 10 mg/day nitisinone
on the radiographic progression of AKU spondylosis. The
results demonstrate only a minor effect of the treatment
on the slowly progressing spine pathology limited to the
thoracic region. The relatively weak effect of nitisinone
on delaying radiographic progression can be attributed

to the slow progressing nature of the disease, spanning
several decades, in relation to the relatively short dura-
tion of our study. In her pioneering nitisinone trial in
AKU, Introne and colleagues did not find an effect on the
Schober distance after 3years of nitisinone treatment.'*
Unlike the spine pathology, an arrest and even regression
of eye and ear ochronosis have been observed in patients
with AKU on nitisinone.® ¥ Given the slow progressive
nature of the intervertebral disc ageing and degenera-
tion, a longer observational period will be necessary to
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Figure 4 Change in sum of scores (mean, SE) for all five radiographic features (narrowing of the intervertebral space+soft
tissue calcifications+vacuum phenomena+osteophytes and/or hyperostosis+spinal fusion) in the cervical (top), thoracic (centre)
and lumbosacral (bottom) regions of the spine in 69 (N=69) patients with alkaptonuria on nitisinone 10mg/day (black circles, full
line) and in 69 untreated patients from the baseline (Month 0) to Month 48. P value (Mann-Whitney U test) denotes treatment
versus non-treatment difference in increments (Month 48 minus Month 0).
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confirm whether there are positive effects of nitisinone
on spondyloarthropathy in AKU. The modest effect of
nitisinone in the thoracic but not in cervical and lumbar
regions found in our study may reflect the fact mechan-
ical stresses on the regions of the spine can vary. The
cervical spine is more mobile compared with the thoracic
region and this may explain some of these results. The
more mobile cervical region could potentially show
more advanced and more irreversible changes and less
response to nitisinone unlike the relatively less mobile
thoracic spine. It is also possible that nitisinone therapy
earlier in life, as opposed to therapy at an advanced age
of 49 (11.3) years, the average age in the SONIA 2 study,
could prevent these spinal features from appearing or
progressing.

As expected, our results confirm age as the most
important factor involved in AKU spondylosis. This is in
line with other studies showing a positive relationshi
between age and spine pathologies in AKU.® ' 121516 1y
addition to age, we analysed the relative contribution
of other demographic parameters in our cohort on the
radiographic presentation of the AKU spondylosis. The
less steep regression slope of spinal fusion scores versus
age when compared with the slopes of the other four
radiological features versus age found in the present
study are consistent with the well-accepted clinical notion
that fusion occurs later during the disease progression,
mostly after 50 years of age.’

The circulating concentration of HGA in AKU is deter-
mined by at least three major factors; dietary intake of
tyrosine and phenylalanine, residual HGD activity and
renal excretion of HGA.' In the present study, we
attempted to provide evidence linking HGA and spine
pathology in AKU; however, a single ‘snapshot’ measure-
ment of sHGA and uHGA,, has limited value compared
with the cumulative HGA load over the lifetime of
a patient. In line with the latter, age but not sHGA or
uHGA,, was a strong indicator of the studied radiographic
features in the regression analysis. In addition to age and
HGA, our study shows that ear ochronosis, a marker of
lifetime exposure to HGA, is a relatively good indicator
of the intervertebral narrowing, calcifications and appo-
sitions. Collectively, our results suggest that the ochro-
notic process in visible cartilages such as ears may indeed
reflect the status of ochronotic spondyloarthropathy in
AKU. Interestingly, body height but not body weight
was identified as an independent factor of spinal fusion
scores among other radiographic features in the regres-
sion analysis. This may reflect the higher load stresses on
a longer spine resulting in greater damage although this
finding may also simply reflect relative decrease in body
height due to intervertebral space narrowing progressing
into development of the spinal fusions.

One of the limitations of the present study is the rela-
tively short duration of the SONIA 2 trial, which does not
allow full evaluation of the effect of nitisinone on AKU
spondyloarthropathy as well as some specific aspects of
long-term radiographic progression. Since intervertebral

disc ageing and degeneration with age are common in
the general population, an analysis of spondylosis as a
part of the AKU natural history, would require additional
age-matched and gender-matched, healthy control group
data, for comparison. Reporting of pain by patients could
have been biased due to SONIA 2 being a non-blinded
clinical trial. Due to relatively long asymptomatic phase
of AKU with only dark urine and a gradual onset of joint
and spine pain approximately in the third decade of life,
disease duration was not assessed in the present study.

In conclusion, the present study shows a relatively slow
but significant worsening of radiographic features, that
is, narrowing of the intervertebral spaces, calcifications,
vacuum phenomena, osteophytes and/or hyperostosis
and spinal fusions in patients with untreated AKU during
the 4-year period. Our results also demonstrate a modest
beneficial effect of nitisinone 10mg/day on the slowly
progressing AKU spondylosis over this time period.
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