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Abstract

BACKGROUND: Alkaptonuria (AKU) is present from birth, yet clinical effects are considéwed
appear later in fe. Morbidity of AKU, considered irrervesibldés secondary to ochronosigge of
ochronosis onses not clearly knownNitisinoneprofoundy lowers homogentisic aciqHGA), the
metabolic defect in AKU. Nitisinone also arrests ochronosis and slows progression of AKU. However,
tyrosinaemia postitisinone has been associated with corneal keratopathy, rash and cognitive
impairment in HT 1The optimal time to start nitisinone AKU is unknown.

METHODS: In anopen, crossectional single sitestudy,32 AKU patients were to be recruitethe
primary outcome wapresence of ochronosis an ear biopsySecondary outcomes includadalysis
of photographs of eyessdrs serumiirineHGA, markers of tissue damagdlammationbxidation MRI

imaging gait, quality of life andAlkaptonuriaSeverity Score Index (QAKUSSI)

RESULTS: Thirty patientswith meanage SD) 38(14) yearswere recruited. &centage pigmentation
within earbiopsies mcreased with age. Eaigmentation wasletectedn a20 year oldfemaleimplying
ochronosis can start jpatients before the age 9. Gait and g&KUSSI were outsidéhe normal range

in all the AKU patients

CONCLUSIONS: Ochronosican bepresent before age 3@ars.

What does this study addit shows for the first time that features of AKU and subclinical ochronosis

can be present from age 16 years.

Impact on clinical practice This study supports nitisinoreerapyfrom age 16 yearis AKU. An
AKU paediatric study is need@dthose younger thalb years.
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Key messages

X

X

Nitisinone arrests ochronosis andlecreases progression of alkaptonuria

Nitisinone increases circulating tyrosine and consequences such as corneal keratopathy,
rashes and cognitive impairment

Presence of irreversible ochronosis can justify nitisinone therapy in younger patients

AKU features established in patients as young as 1620 years, suggestinghat nitisinone
therapy can be justified from age 16 years

Further studies needed to determine whether nitisinone should be administered A&KU
patients younger than 16 years
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Background

Alkaptonuria (AKU) (OMIM#203500)is a rare genetic deficiepm of homogentisate dioxygenase
(HGD) (EC:1.13.11.5) characterised by high cintatinghomogentisic acidHGA).[1] The frequency

of AKU is around 1 in 250,000 to 1 in a 1,000,000 in most populations worldidepositon of HGA

in connective tissue as pigmeantAKU is termed ochronosig] Debilitating manifestations of AKU

are due to ochronosis including premature arthritis, cardiac valve disease, fractures, muscle and tendon
ruptureg3] Despite the presence of the defect from birth, apart from dark urine, and sometimes renal

stones, there are few ostgticular symptoms untdroundage25 yeard4]

A recent study has shown thatnitisinone, an inhibitor of {hydroxyphenylpyruvate dioxygenase
(EC:1.13.11.27)is effective in AKU[5, 6, 7 8] Nitisinone deceass circulating HGA, inhibits
ochronosis in AKU miceand humansslowing progression of human AKWBut is expensivgo, 1Q It
is an imperfect treatment proding a different metabolic block, characterised by tyrosinagtoidc
consequencessuch as corneal keratopathy, eczema likim sash and cognitive impairmerman

ensugl11]

AKU is not fully reversibleand would benefit fromazly treatmentMouse sudiesshow that nitisinone

can prevent onset of ochronosis when started soon after birth, and arrest ochronosis whistiest@ted

10] Mousestudiegevealed ochronotic pigment laid dowrkimee joints as early as 15 we¢8k.These
findings highlight the concern that subclinical ochronosis could be damaging connective tissues early
in life. Starting nitisinone later in AW is expected to result in residual diseaeAKU is
irreversible[4] Identifying when ochnoosis takes hold in AKU isnportant, as this information would

allow optimal use of nitisinone, in terms of wherbggin treatmein

The SOFIA (Subclinical Ochrmsis Features In Alkaptonuyistudy was designed tdentify the
earliest age when ochronosis, microscopic and macroscopic, can be datpatezhts andt what age

it might be appropriate to begin nitisinone treatment.
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M ethods

PATIENTS

AKU patients verified by elevatedHGA levels andat least 16 years old were eligible for
inclusion.A nonrAKU control groupwasalsoselected. The United Kingdom NRES granted
ethics approva(REC NO:15/NW/0749]RAS:180968).None of the patients in this study

received nitisinone at the time of participation.

STUDY DESIGN

SOFIAwasan open, crossectional singlesite Royal Livempool University Hospital) study, 38K U
patientswereto berecruited(2 males, 2 female in eachage interval 16-20, 2125, 2630, 3135, 36
40, 4145, 4650, over50) coveing the age spread of nathronotic and ochronotic groupshe
primary outcomewasthe amount of ochronosis measured in ear ldgp3he secondary outcomes
were: visible ochronosiguantificationin eyes and eas; MRI examinationdeviation in gaitmodified
gAKUSSI (questionnaire Alkaptonuria Severity Score ndlex); circulating and urine HGA,

inflammation, cartilagelamagebone and other tisstidomarkersandquality of life.

ASSESSMENTS

Ear cartilagea 4mm diameter1-2mm thick biopsy wasakenfrom the conchal bow! of thearand

storedusinga standardised protocdchronosis was measured #ylight absorbancén microscope
photographs(nonochronotic tissue0, completely ochronotictissue100) (see Supplementary

Material).

Standardised potographs of eyesnd earsvere scored for ochronosi®r eyesusing qualitative and

guantitativesystens, for ears, aualitativesystem(Supplementary Figure STables S1, S2).

Madified Pfirrmann Grading SysteandSpondyloarthritis Research Consortium of Canada (SPARCC)
scores of the spine amthole-organ MRI scorg(WORMS) of the knee @re calculate@Supplenentary

FiguresS2-S5, TableS3).[12, 13, 14 Institutional MRI protocad werefollowed.
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3D gait analysis was performed for 26KU patients (29 from SOFIA7 from the UK National
Alkaptonuria Centre) and for a control group of 10 volunteers free from gait profdlenisg Mean
deviation of AKU gait from normality (MDR:a) was calculated using the MDIprogram

(Supplenentary Material Figure S§.[17, 1§

Disease questionnaires were used to calculate the modified questidrastce gAKUSSI

(Supplementarffable $4).[19]

Fasting blood samp#and 24hour urine sampbkawverecollectedto measurenetaboliteand biomarkers

of inflammation, cartilage, bone and tissueserum and urine HGA were quantitated by liquid

chromatography tandem mass spectrometry-M&IMS) method$20, 21 Serum amyloid A $AA)

was analysed using a romercial assay Quantitative determination of serum protein thiols and S

thiolated proteins was carried @] Serum protein thiols were measured by colorimetric reaction with
fithiobis-(2-nitrobenzoic acid) (DTNBJ)23] Sthiolated proteins were msared[24] Protein

Thiolation Index PTI) was calculated as the molar ratio between thlolated proteinsRSSP, where

56 LV FA\VWHLQH &\663 F\WWHLQ\OJO\FLQH &dlut@hgléyS8tein&K RPRF\V'
*OX&\663 DQG JO X \Vabhdithe cehCehtratiosh ®Bprotein thifks]

The rate of connective tissuemodellingwas analysed by the measurement in serum and urine of

biomarkers of collagen and other extracellular matrix protein formation and degradatian

competitive and sandwich ELISA$eveloped at Nordic Bioscien¢8upplementary Table5p The

assays were run according to the standard procedure detailed in the refer&uggddamentaryable

S5.

Quality of Lifewas assessed usifpAQ, SF36 and KOOS gestionnairef26, 27. 2§

STATISTICAL ANALYSIS
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Multiple linear and LOESS regression were the main analyses @Qs&mbmevariableswere plotted
against agand regression analysearried outComparisons with controlseve madeas appropriate.

All analyses wereconducted using SAS® version 9.3 and R version 3.3.2.

Results
Thirty AKU patients (15 male, 15 female) weezruited. Mean age39 yearsfor males 37 yearsfor
females, mean BMI 25 kg/n¥ for malesand23 kg/n¥ for females (SupplementafablesS6-S8).

EAR CARTILAGE BIOPSY , EYE AND EAR PHOTOGRAPHS

Ear biopsies from 28 samplegere processedrigure 1 shows ear and eye ochronosis measured by
biopsy and photograplpsotted against agéygether with regression lin€sgure 1(ashows percentage

of pigmentation of whole ear biopsy. Fitted regression lines were:

% ear pigmentation-23.5+1.43wage for maleqage:p=0.001, gendep=0.742 R?=0.39

% ear pigmentation-26.9+1.43wage for females.



[Type here]

" iR EE " b)

75 Gender . o
= . %1 4
[} F &
5 b 5
5 S0 @M g
g i 2+
25- [
“ Ll 1 1 U- ' |
&0 3 'L':‘ . B 20 5 i sil B0
ge Age
. .
* (c) wo- (d)
B
& Gender 5
2 @F . 5
E g $00
= L Y] =
E E . .
g 1 E o0 L ]
L 5 "
[a]
o- @ @
20 30 40 2] B0 ] [+ 0 30
Age Qualitative score

Figure 1. (a) Ochrarsis score from ear biopsy plotted against age with regression lines, (b) ear
ochronosis measured from photographs plotted against age with LOESS regression line, (c) eye
ochronosis measured from photographs plotted against age with regression liratal ¢piantitative
eyepigmentatiorexpressed as pixel value scptetted against total qualitative eye pigmentation score.

Age was stastically significant (5=0.001), but not gender. The fit of this model, and some of the
following models, was noparticularly good, but it does give a strong indication of the increase in

pigmentation with age.

Assessment of pigment intensity by measuring light absorption of whole cartilage bévpsyed

pigmentation ima patient aged 20

Figure 1(b) shows ear oamosis measured from photographs. Ochronosis was not detected until the

middle of the third decade; a LOESS (Local Regression) reflects this. Figure 1(c) shows qualitative eye

ochronosis scores. Regression lines were:



[Type here]

Eye pigmentatior=-7.3+0.36age formales (age:p<0.001, gendep=0.448 R?=0.50
Eye pigmentatior=-8.7+0.36 Lage for females.
Age was statistically significant, but gendet. Figure 1(d) shows the correlation of the qualitative and

quantitative eye ochronosis score${®83).

MRI SCANS AND GAIT ANALYSES

MRI spine and left kneeimaging were performed on 27and 26 AKU patients respectively.Disc
degenerationmeasured using the modified Pfirrmann s¢aseshown in Figure 2(a) andarrow
oedema resultsndicated by the modifie@PARCC scorgeare shown in Figure 2(bKneescores are
shown in Figure 2(c)ncreases of the MRI scores with age are clearly not linear; LOESS regressions
are showrfor the two spine scores.oh show significant increases starting in the third decétifeo

The WORMS scores generally stay low over the age range with a few exceptions.

10
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Figure 2. (a) MRI Pfirrmann scores plotted against age, (b) SPARCC scores plotted against age, (c)
WORMS scores plotted against age, (d) MRRplotted against age

Figure 2(d) shows the mean movement deviation profile (MBPlotted against age for AKU pattits
and controls together with a lineagression line for controls and a LOESS regoes$or the AKU
patients. Rviation from normal gait was found eventire younger patients, and aegtancline after

50 years

MDPmean 2.44:0.01wge for Controls.
Supplementary FigesS7 andS8 show a linear clustering and a 2D visualisation ofAKe& patients

and controls

11
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MODIFIED qAKUSSI

Figure 3a) shows totamodified gAKUSSI pléted against age; Figure&$-(d) showits components
parts of dhical features, spine rheumatology and 4spime rheumatology. The corresponding

regression are:

gAKUSSI =-8.53+1.15wage for males (age:p<0.001, gendep=0.780, R=0.47)
gAKUSSI =-10.41+1.15wge for females

gAKUSSI_clin =-7.31+0.67wage for males (age:p=0.001, gendep=0.316, R=0.36)
gAKUSSI_clin =-12.35+0.67wage for females.

gAKUSSI_spine =-1.32+0.22wage for males (age:p=0.002, gendep=0.076, R=0.35
gAKUSSI spine =1.91+0.22wge for females.

gAKUSSI _nonspine  =0.05+0.26wge for males (age:p=0.017, gendep=0.995, R=0.20

gAKUSSI _nonspine  =0.03+0.26wage for females.

There were no significanlifferences for gendeall regressions showed a significant increase with age.

12
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Figure 3.Modified qualitative alkaptonuria Severitgcore Index (modified gAKUSSI): (a) total
modified gAKUSSI, (b) gAKUSSI, clinical features, (¢) aAKUSSI, spineumatology, (d) gAKUSSI,
non-spine rhematology.

HGA, BIOMARKERS AND METABOLITE ANALYSES

Figure 4 shows some results obtained for HGA measurements, the inflammation biomarker, SAA, and
connective tissue damage markers. Figures 4(a), (b) show serunaht3AGA clearance against age.

The regression equations are:

Serum_HGA =17.4+0.28wage for males (age:p=0.006,genderp=0.465, R=0.26)
Serum_HGA =19.2+0.28wage for females
HGA_clearance=132211.8wage for males (age:p=0.007, gendep=0.934, R=0.26)

HGA_clearance=131311.8wage for females

13
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Gender was not significant, bserum HGA significantly increaseahd HGA clearance significantly

decreasewith age Supplementarfigure Shows24-hour urine HGAplottedagainst age.

Figures 4(ce) show SAA, CyGlySSP and PTI plotted agaiage and fitted regression lin&AA and
PTI significantly increased with agleut with nosignificant difference between groupshéregression

lines for CyGlySSP showed significantly differentds and intercepts for groufi®-22]

SAA =8.5+0.43wage for AKU (age:p=0.047, groupp=0.667, R=0.07)*
SAA =10.8+0.43 wage for Controls
CyGlySSP  =22.1-0.20wage for AKU (age:p<0.001, groupp=0.005

CyGlySSP  =25.4+0.04wage forControls (age*group interactiorp=0.002,R>=0.25
PTI =0.31+0.002wage for AKU (age:p=0.015, groupp=0.090Q R>=0.14)
PTI =0.28+0.002wage for Controls

* Two outliers removed.

Supplementary Figure S10 shows extra inflatory and oxidativenarkers.

14
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Figure 4. (a) Serum HGARnol/L), (b) HGA clearancenfl/min), (c) SAA (ng/ml), (d) CyGlySSP
(), (e) PTI, (f) UrineC1M_cr (ng/(RFnol), (g) SerumTIM (ng/ml), (h)SerumP1NP (ng/ml)

Figures 4(f(h) show uC1M_cr, TIM and P1N
regression lines for the two groups for uC1

significantly different intercepts. TIM has si

P plotted agstiage together witlegression lines. The
M_cr have marginally significantly different slopes and

gnificantly different slopes and intercepts for the two

groups. P1IR significantly decreases with afge AKU patients and controlst the same rate, but with

mean P1NP higher for AKU patients.

uCiM_cr =3.590.05 wage for AKU
uCiM_cr =1.650.03wage for Controls
TIM =157+4.09age for AKU

TIM =223+0.52age for Controls
P1INP =172-1.43wge for AKU
P1NP =121-1.43wage for Controls

(age:p=0.004, group: p=0.004

age*group integiction: p=0.056R?=0.30)
(age:p=0.047, group: p=326,

age*group interaction: p=0.032%=0.30)

(age:p=0.022, group: p=0.002,2R0.22

15



[Type here]

Supplementary Figure S11 shows the biomarket covered in the main textotted against age for

AKU patients and controls.
QUALITY OF LIFE
Figure 5 shows 6 of th&3 quality of life measurements: HAQ Disability Index, H&@n score, SF36

Physical Functining score, SF36 General Health score, KOOS Sport and Recreation score and KOOS

Quality of Life score. The regression equations were:

HAQ_DI =-0.73+0.03wage for males (age:p<0.001,genderp=0.676, R=0.61)
HAQ_DI =-0.68+0.03wage for females

HAQ_Pain =-0.81+0.05wage for males (age:p<0.001,genderp=0.533, R=0.71)
HAQ_Pain =-0.65+0.05wage for females.

SF36_PF =109.81.17wage formales (age:p<0.001,genderp=0.390, R=0.36)
SF36_PF = 117.3-1.17wage for females.

SF36_GH = 83.31.03wage for males (age:p=0.001,genderp=0.75, R?=0.35)
SF36_GH = 85.5-1.03wage for females.

KOOS_Sport_Rec = 144.62.18wagefor males (age:p<0.001,genderp=0.938 R>=0.60
KOOS_Sport_Rec =145.32.18age for females.

KOOS_QoL =115.21.37wge for males (age:p<0.001 genderp=0.815, R>=0.45
KOOS_QoL =117.01.37wge for females.

16
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Figure 5.Quality of life scores: (a) HAQ Disability Index, (b) HAQ Pdatore, (c) SF36 Physical
Functioning score, (d) SF36 General Health score, (e) KOOS Sport and Recreation score, (f) KOOS
Quality of Life score.

All these measures show significant worsening of health with age but no difference between genders.

The otherQoL measures are reported in the Supplementary Ma(€rgires S12S14).

Discussion

The SOFIA studyobjective was to identify the earliest age when ochronosis, microscopic and
macroscopic, can be detected AKU patients. Firstly, we reviewhe publishedinformation in
childhood AKU.It is important to clarify thahone of the patients in this study received nitisinone at

the time of participation.

A natural history studjn 2002reported orb4 patients (aged to 80 years), but descrith@o clinical

featues in childhood29] A Slovakstudy,described childhood AKI35 years agpin 39 patiens.[30]

17
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Dark urine was present in alAigmentary changes in axillary regions appekat 810 years.Dark
brown toblack staining of ear cerumen wa®sent even ichildhood Ear cartilage pigmentation in a
12 year oldpatient and scleral pigmentation in a 13 year old patiewas reportedalthoughno
photographavere takenThe reportedyoungest age of arthropathy wad years.One 6-month old

presenédwith a kidney stong31]

We are the first to repoan direct tissue studies in AKU, reasonthgt it might be possible to identify
pigmentation in tissue that could not be identified through overlying Skircentage pigmentation
within ear biopsieincreases with agéemales laging behind malesDifference between genders was
not statistically different, probably due to the small sample Bigenentation wadetectedn a20 year
old female so ochronosis can start in AKU patients before the age &y20ochronosis increased with
age and was first detectedaae22 years Externally, visible earochronosisvas only detected aftage

34years

AKU patients had 2dour urine HGA and seruiGA values much higher than those of controls
showingno correlation with age, or gend&erum HGA increased with age, but with no difference
between gendersc-exising with worsening AKU.Conversely, HGA clearance decreased with age.
The inflammatiorbiomarkes, SAA and serum protein thiglincreased with ageith no significant
difference between AKU patients and contr@8A by itselfwas not a discriminative marker

between AKU and controls. Both circulating SAA (inflammation marker) and PTI (ibxdstress
marker) increased with age with no significant difference between AKU patients and controls,
confirming previous findings in AKU [32]. However, the highest SAA concentrations were found in
younger subjects (CTR 29 years, SAA 132 mg/L; AKU 28rgeSAA 121 mg/L). Additionally, in

both groups SAA was above the reference threshold of 10 mg/L in 21/30 subjects [33]. Since no
additional data apart gender and age was made available on control subjects, we cannot rule out the
hypothesis of underlyinopflammatory conditionshowever unlikelyraising SAA levels also in

controls e.g. BMI [34]; this however again excludes a major role for SAA in AKU.

18
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uC1M, a marker of collagen type | degradation measured in urine, decreased with agepatisiits
andP1NP, a marker of collagen type | formation measured in serum, decreased with age in both AKU
and control groups. Bones are the main source of collagen type | in the human body, therefore the results
suggest the rate of bomemodellingdecreases with age. C1M measured in urine could reflect the
remodellingof the renal tissyesuggestinghe degradation of collagen type I in the kidney is decreased
compatibly with an increasen fibrogenesis in the kidneys [35T his hypothesis neadfurther
investigation.TIM, a markerof MMP-mediated titin degradatiodescribingcardiac remodelling
increasedvith age in AU patients but not in contraglsdicaing increasedemodellingof heart muscle

with disease progressiofit present, it is ngpossible to estatslh a precise age which the biomarkers

change dramaticallyi-urther studies are needadth more patients at younger age with matched

controls

Identifying ochronosis externally by examining the eyes and ears does not tell us abbig wha
happening inside the body. It is possible that highly stressed tissues of the musculoskeletal system could
be affected by ochronosis earlier but not easily accessible to assessment. Conventional imaging is not
sensitive enough to identify internal sohosis early as the changes are late; newer approaches such as
Raman spectroscopy which are riomasive may provide solutions. We were hoping to find biomarkers

that could inform on potential changes in connective tissue in this study. The usefuwessrmoarkers

in limited in advanced AKU where there are other revealing features. In early AKU i.e. in young patients
biomarkers are potentially more likely to prove valuable to monitor the disease, as well as inform when
the disease has taken hold. Unfioidtely, in the young, the musculoskeletal system is changing
enormously due to physiological growth, as well as the gender differences in growth, maturation and
development. In the present study the low numbers of young AKU patients did not allow a clear
distinction between AKU and ne&KU controls, even though there was an apparent differérue.
formation and deposition of the ochronotic pigment in the cartilaginous tissue renders the cartilage
stiffer and would cause an increased remodelling of p®team the connective tissue of cartilage,

bone, and possibly other soft tissues. The examined markers of connective tissue remodelling, however,

fail to show a direct correlation with initiation of ochronosis. TIM, a marker of titin degradation
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reflectinga remodelling of the cardiac sarcomere, could be an indirect marker of ochronosis of the
cardiac valve, causing impairment in the cardiac func¢fU is an ultrarare disease with a frequency

of 1in 250,000. This is the first study to examine a wideetsaof AKU features in a cohort of sufficient

size to provide reliable datBone, cartilage and tissue markers are likely to be beneficial if they can be
validated in a larger young cohort of AKU patients matched to a normal cohort for age and gander. PI

for this further study are advanced and likely to begin shortly in the SB&é&Miatric study.

The modified Firrmann spine scorem MRI analysishow AKU patients are unlikely to demonstrate
degenerative lesions before afeyears however above 35 years they frequently show degenerative
disc changes and overall worsdirfmann scorefl2] Marrow oedema lesion results (modified
SPARCC scores) also appear to significantly rise from age gé&@[13] Degeneration of the knee
(WORMS score) did not appear to be associated with age up to the middle of the fourthticade.
Despite the lack of change in spine and joints at ages younger than 30 years, the gaitveamlysis
abnormal early on. ffie mean of Mean Deviation Profiles (MDPY fyait was significantly higher for
AKU patients than for controld 7, 1§ The younger AKU patients all had high MD@RIues indicating

that gait is affected at this early age.

gAKUSSI scores increase with age, the mean increasing at a rate of 1.Jgeugiar All gAKUSSI
components (clinical, spine and ngpine) increase with ag&ven at the ages betweéf and 20,
scores well above zero have been obse@édically, this means that as AKU patients get older, they

score higher on-4KU SSI regardlss of their gender, reflectingnrsening diseadsurden

Three QOL questionnaires showgaln increastandgenerabuality of life decreases with age folkAJ

patients. For the HAQ questionraideterioration starts arouage 30years but this can be at the start

of the second decade for some domains for some patients. For the SF36 questionnaire, physical functions
steadily decrease with ageor the KOOS questionnaire, the functions decrease with age. Overall, the

quality of life appars to seriously deteriorate from the third decade.
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The overall conclusion is that this study has shown that ochronosis starts at an early age, before
adulthood, but was unable to assess the earliest age that it may start. Further data is needed from a

paediatric study if this start point is to be established.

The difficulties of carrying out aumannatural history study of AKl¢an be overcome to some extent
by studyingmouse AKU[9, 10 With biochemistry similar to human,ioe with AKU also develop
ochronosisresultssuggeshg that ochronosis begins a short time after weaning and progressely linear
over time. The use of nitisinone from early on in the life of an AKU mouse completely mdveat
appearancef ochronosis. When nitisinone waglmiristered after ochrorsis wasestablished, it

arresedfurther progressian

The reason for carrying out thiKU study is because of the availability oH&A-lowering anda
disease modifying therapy ihd& form of an enzyme inhibitoitisinone.To consder using nitisinone
early in life requires justification in the form of early ochronosis or early morbidity. The present study

suggestshepresence of apparently irreversible ochronosis and morbidity early in life.
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Supplementary Material: Subclinical Ochronosis Features In Alkaptonuria

(SOFIA):An Open Crosssectional study to determine age of onset of ochronosis and
morbidity
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Ear Biopsy

Each biopsy contained a disc of cartilage 4mm in diameter ehdhin thick. The disc was

bisected along the diameter and a thin slice of 0.8mm was taken from the cut face. This sample
was examined using an Olympus SZH binocular microscope in darkfieldanddeX

magnification. The biopsy section was photographed using a 9M pixels DCM 900 camera and
images stored as TIFFS. TIFFs were opened in Image ba85B images. An oval region of
interest 3 mm long by 1 mm wide was selected and the mean iovémsity in the blue channel

was quantified on 255 scale, transformed so that white=0 and black=255. Following subtraction
of the absorbance of neschronotic tissue the % absorbance was calculated-@oimonotic

tissue=0 and completely ochronatic tisse100).Presence of ochronotic pigmentation was
confirmed by histology on serial sections followed by Schmorl staining and microscopy (data not

shown).

Eyeand Earquantitative and qualitativassessmerst

For guantitative analysi§PEG image files wemonverted into &it grey scale images using

Image J. The images were calibrated for both size and colour for standardisation. Using the zoom
function the temporal and nasal parts of the right and left eyes were analysed for conjunctival
scleral pigmentatin. Upon identification of pigmentation the free hand tool was used to draw
around the area if a definitive boundary could be defined. The area, perimeter, standard deviation,
mean, minimum and maximum pixel values were recorded for each region of pigomertano
definitive boundary was evident a sample within the area of pigmentation was taken for pixel
value comparisons. The total quantitative score is the sum of the scleral and conjunctival pixel
values in the temporal and nasal parts of the rigtiefb eyes. The maximum pixel value for both

the scleral and conjunctival pigmentation is 100 representing the darkest intensity, therefore the

maximum score for each eye is 400.

Figure S1. An example of eye ochronosis
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Table S1 Qualitative scoring sysgsm for eye photographs. The score for a patient is
the sum of scores over the four regions.

Table S2 Qualitative scoring system for ear photographs.
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Assessment of MRI scans

Figure S2. Sagittal STIR image of an example of high T2 signelithin the disc with
disc height loss.

Figure S3. Sagittal T1 image of an example of high T1 signal (arrows) crossing the
L3/4 and L4/5 intervertebral discs representing interbody fusion.
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Figure S4. Sagittal 3D volume spoiled echo sequence showing kignal foci in the
hyaline cartilage consistent with chondrocalcinosis.

Figure S5 Sagittal STIR sequence of the whole spine in three study participants. 5a
is a 26 year old female, 5b is a 43 year old male and 5c is a 67 year old female.
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5a: theyoungest, shows no focus of marrow oedema and normal thoracic and lumbar
intervertebral discs. 5b: 43 year old shows relatively advance disc degenerative changes with foci
of bone marrow oedema at multiple vertebrae. 5¢: with advanced endstage degemtleeatids
interbody fusion at multiple levels but little oedema like signal return, mainly confined to the
mobile nonfused levels (T2/3, T7/8 & T8/9). Note also the kyphotic deformity is much wore in 5¢

associated with the advanced disc degeneration.

Table S3 Scoring system for MRI scan
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Analysis of the thoracic and lumbar spine:
Modified Pfirrmann Grading System for thoracolumbar intervertebral disc degeneration

x Each intervertebral disc space (12 thoracic, 5 lumbar) will be graded for degene
changes using a modified Pfirrmann grading system which is an 8 point score
weighted images. A total score for the T/L spine will be recorded.

0 Max score for a thoracolumbar spir&36
x Additional observation per disc score 1
0 Presence of increase BRynal within nucleus with disc height loss
0 Presence of increase T1 signal crossing disc (fusion)
o Presence of insufficiency fracture
f Max score51

SPARCC (Spondyloarthritis Research Consortium of Canada) grading of increase T2 sign
abnormality on STIR fo6 of the most affected discovertebral units (DVU)

X Maximum score per unitl8
x Total maximum score for 6 DVE$08

Analysis of knee:

WORMS scord semiquantitative multifeature scoring system
x Cartilage signal & morphology8 point scale (0, 1, 2, 2.5,8,5, 6), score-®
0 Max scores:
f MFTJ30, LFT330, PF324
Subarticular BM abnormality score 03
o0 Max scores
f MFTJ15, LFT315, PF312, Region S3
X Subarticular cysts score 03
o0 Max scores
f MFTJX15, LFT315, PF312, Region S3
X Bone attrition t score 03
o Max scores
f MFTJXF15, LFT315, PF312
X Osteophytest score 07
o Max scores
f MFTJ35, LFT335, PF328
X Ligament scores
o Cruciates (anterior and posterior) OMlintact/torn
o0 Collaterals (medial and lateral) Oflintact/torn
f Combined ligment scoreCruciates¥z * collaterals
X Menisci t score 06 (depending on scores for tears present in regions)
X Synovial thickening and effusiarScore @3 for entire knee

X Loose bodies Score €3 for entire knee
Maximum WORMS score for kneg35

x

Additional factors

x Presence of low intrachondral signal
o0 Max scores
f MFTJX5, LFT35, PF34
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Gait Analysis

Data were collected using Vicon MX motion capture with nine optoelectronic cameras (T160 and
T10) sampling at a frame rate of 100 Hz (Vic@xford, UK). Fifteen reflective markers were

placed on the lower limbs in accordance with the Helen Hayes thaddlpatients were asked to
walk barefoot at a seffelected speed along a 10m walkway (Supplementary Figure S6). Pre
processed data from th& 4X, Y, Z) marker coordinates were analysed using acsgHnising

map (SOM Toolbox 2) in MATLAB (R2017a, The MathWorks Inc., Massachusetts, US) to
calculate the mukdimensional deviation of AKU gait from normality. The marker coordinate

data of p&ients and controls were expressed relative to a straight line fitted onto the progression of
the centre of their pelvis followed by calculation efcores for each waveform to compensate for
differences in marker offsets and amplitudes. Thewelnisng neural network was then used to
calculate the mean deviation of AKU gait from normality (MR*®1"during three gait cycles

of each patient, using the MDP freeware progfa@ait deviation for each patient was then
calculated as the average of #realks, plotted against age

Figure S6. Marker trajectories during gait and a stick figure of the pelvis and legs
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Modified gAKUSSI assessment

Table S4: Modified gAKUSSI scoring system:the overall scores are the totals over
individual feature scores

Eye Pigments (conjunctival, scleral, tempol 0,1,2,3,4,6,8
and nasal)
Ear Pigments 0,1,2,3
Prostate and kidney Stones 4 (per episode)
Heart valve disease 8
Hearing impairment 4
Fracture 8 perfracture
Muscle/ tendon/ ligament rupture 8 per rupture
Clinical joint pain score (2 for each large joint area; 14 large joil
areas)
Number of joint replacements (Each joint 4Max 10 large joints)
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Clinical Spinal pain score (4 each for cervical, thoracic, lumbar ar

sacroiliac)

Table S4 summarises the clinical aspects that were assessed in the medifid8§| in SOFIA.

Eye and ear pigmentations were scored from digital images taken by the phatadraphy
department at the Royal Liverpool University Hospital. They were independently scored by one
assessor who was blinded to patient demographics and clinical details. For the other elements of
the modified gAKUSSI, case notes were reviewed.

Biomakers

Serum and urine HGA were quantitated by liquid chromatography tandem mass spectrometry
(LC-MS/MS) methods using an Agilent 6490 Triple Quadropole mass spectrometer with Jet
Stream electrospray ionisation coupled with an Agilent 1290 Infinity Il UHPW@p and
autosampler. Ten microliters of sample were diluted either withnfb#L *Ce-HGA in 0.1%

formic acid (v/v) in deionised water (acidified urine samples) or@d/L *Ce-HGA in 0.1%

formic acid (v/v) in deionised water (deproteinised serum sEshpSeparation was achieved on

an Atlantis dC18 column (100 x 3.0mm,8, Waters) maintained at 6. Quantitation was
achived using a matrisnatched seven point calibration curve and two product ion transitions for
both HGA and its internal standafiCs-HGA.

Serum amyloid A$AA) was analysed using a commercial@éll plate solid phase sandwich

Enzyme LinkedlmmunoSorbent Assay (ELISA) (Human SAA, KHA0011, Invitrogen Life
THFKQRORJLHY DFFRUGLQJ WR PDQXIDBWAXEr$aMEXY LQVWUXFWL
microplate reader using Ascent software (Thermo Scientific). SAA quantification was obtained

against a second order polynomial standard curve generated with SAA standards. All the blanks,
standards and samples were tested in duplicate. Quiaatidetermination of serum protein thiols

and Sthiolated proteins was carried out. Serum protein thiols were measured by colorimetric

UH D F W L R Qlit@iabv& R-nitroffenzoic acid) (DTNB)S-thiolated proteins were measured.

Protein Thiolation Indx (PTI) was calculated as the molar ratio between $tfaiblated proteins

>5663 ZKHUH 56 LV F\VWHLQH &\663 F\VWHLQ\OJO\FLQH &\*C
JOXWDP\OF\VWHLQH *OX&\663 DQG JOXWDWKLRG®@Qds. *663 @ DC
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Table S5.Markers of connective tissue damage measured in SOFIA

C1M

CTX

P1INP

c2Mm

C3M

CRPM

C6M

Specifications

MMP-generated
fragment of type |

collagen

Cathepsirgenerated
and crosdinked
fragment of type |

collagen

N-terminal pro
peptide of type |

collagen

MMP-generated
fragment of type Il

collagen

MMP-generated
fragment of type Il

collagen

MMP-generated
fragment of €

reactive protein

MMP-generated
fragment of type VI

collagen

Measuring

Inflammation related
to synovial
membrane

remodeling

Bone resorption

Bone formation

Cartilage remodetig

Inflammation related
to synovial
membrane

remodeling

Local inflammation

General fibrosis

Measured

Serum

Serum

Serum

Serum

Serum

Serum

Reference

(1)

(@)

®3)

(4)

(5)

(6)

()
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VCANM MMP-generated

fragment ofversican

MIM MMP-generated
fragment of

mimecan

TIM MMP-generated
fragment of cardiac

specific titin

U-CTX Gtelopeptide of type

Il Il collagen

U-C3M MMP-generated
fragment of type Il

collagen

U-C1M MMP-generated
fragment of type |

collagen

Cardiovascular

remodeling
Cardiovascular

remodeling

Cardiovascular

remodeling

Cartilage remodeling

Renal fibrosis

Renal fibrosis

Serum

Serum

Serum

Urine

Urine

Urine

(8)

(9)

(10)

(11)

(12)

n/a
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5(68/76

Demographics

A total of 30 AKU patients were recruited. Half of them were males. The agmfor all patients
was 38.1 years ranging from 16 years to 67 years. Tables S6, S7 and S8 summarise the

demographics of this cohort.

Table S6. Demographics of AKU cohort in SOFlAage

Age
N |Mean| Std Min |Median | Max

Group |Gender

AKU F 15|36.9|13.2|20.0 35.0|67.0
M 15|39.4|14.7|16.0| 43.0|62.0
All 30|38.1(13.8|16.0 36.5|67.0

Table S7. Demographics of AKU cohort in SOFIAweight

Weight
N |[mMean]| sta Min |[Median| Max
Gender
F 15|60.0 7.6 |50.2 59.6|79.4
M 15| 74.2 7.2|64.2 74.0|86.4
All 30|67.1|10.2|50.2 66.2|86.4

Table S8.Demographics of AKU cohort in SOFIA-BMI

BMI
N |[mMean| std | mMin |[Median | Mmax
Gender
F 15|23.0|2.8|18.9 22.8|29.3
m 15|25.3|3.3|18.8 25.3|30.8
Aldl 30|24.1|3.2|18.8 24 _0|30.8

Gait Analyses

Figure S7:A 1D selforganising neural network forced a linear clustering of AKU
patients (red) and controls (blue). Their age is indicated by the size of circles.
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Figure S8:A 2D scatter plotvisualising the topological relationships between AKU
patients (red) and controls (blue) as a function of their age (circle size).

HGA

Figure S9. 24hour urine HGA plotted against age
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24 Hour Urine HGA vs Age
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RSSP =157.80.22 uage for AKU (age:p=0.446, group:p=848 R =0.03)
RSSP =150.80.22 uage for Controls

Connective tissue biomarkers

Figure S11: Levels of the biomarkers plotted against age in AKU and control
samples
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=107-0.79age for AKU  (age:p=0.121, group:p<0.0012).35)

=40-0.79wge for Controls

=2.190.02age for AKU  (age:p=0.091, group:p=0.0112+0.14)

=1.300.02wge for Controls

** For patients with age > 25

44



[Type here]

Quiality of Life
HAQ

A total of thirty patients completed the HAQ questionnaire. This index considers how arthritis has
an impact on everyday life. Total score is betweeh@ in 0.125 increments. Increasing scores
indicate worse functioning (score 0=no functional impairmgtdre 3=complete impairment).

These scores were correlated with age. Thefigulbes in Figure S11 show a clear pattern:as AKU
patients become older, they struggle with their Activities of Daily Living (ADLs); with the
HIFHSWLRQ RI 3HDW bh&showigriicaht\cérielatioB Wifh Bde. Stigure, HAQ

Pain, shows that as patients get older, the burden of AKU arthritis pain increases and the
debilitating effects of the ochronosis become overt {Sghire, HAQDisability Index).

SF36

A total of 29patients completed this questionnaire. Correlations with age are shown in-the sub
figures of Figure S12. All questions are scored on a scale from 0 to 100 (highest level of
functioning possible=100, complete loss of function=0). It is clear that as AK&hfsaget older,

their energy levels and physical functions decrease. In addition, their general health deteriorates
and they experience more pain. Nonetheless, emotionally, they remain resilieRtd &

SF36Limitations due to emotional problems).

KOOS

Twenty seven patients completed this questionnaire. Correlations with age are shown in the sub
figures of Figure S13. As seen with the previous two tools, there is a clear deterioration in QoL,

across all domains, with age. This can be detected gsasaBb year of age.
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Figure S12: HAQ
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Figure S13: SF_36
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Figure S14: KOOS
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